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SYNTHESIS OF RADIOACTIVE SUCROSE BY TOBACCO LEAVES 
FROM C“ UNIFORMLY LABELLED GLUCOSE 
AND GLUCOSE-1-PHOSPHATE! 


By P. V. Vitrorio, G. Krotrkov, anp G. B. REED? 


Abstract 


Detached tobacco leaves were placed for six hours on solutions of C™ labelled 
glucose and glucose-1-phosphate. At the end of this time leaves were extracted 
with boiling 80% ethanol and the activities of their various carbohydrate 
fractions were determined. The specific activities of both glucose and fructose 
moieties of sucrose were found to be high and very close one to another, while 
that of the free fructose was low. From this it has been concluded that the 
fructose component of sucrose is derived from the glucose introduced and not 
from the free fructose present in leaves. Low activity in starch observed in 
photosynthesizing leaves indicates preferential transformation of the glucose 
introduced into sucrose and not into starch. Moreover, respiration of labelled 
glucose ought to produce labelled carbon dioxide, and after a period of photo- 
synthesis, labelled starch. The isolated starch contained only a small amount 
of activity indicating that, in light, sugars were not utilized in respiration to 
any great extent. Moreover, they did in darkness, as the carbon dioxide 
evolved was very radioactive. 


Introduction 


Since Hassid, Doudoroff, and Barker (5) reported synthesis of sucrose 
in vitro from glucose-1-phosphate and fructose, using sucrose phosphorylase 
isolated from Pseudomonas saccharophila, a search has been going on for the 
isolation of a similar system from higher plants. So far all such, attempts 
have failed, leaving us with the following alternatives: either in higher plants 
such a system is more sensitive and is destroyed during the extraction, or the 
whole mechanism of sucrose synthesis is different than in Pseudomonas. 

It is reasonable to expect that some phosphorylated sugars serve as 
immediate precursors in sucrose synthesis. Vacuum infiltration of glucose-1- 
phosphate, fructose-6-phosphate, and fructose-diphosphate into wheat leaves, 
however, has depressed and not stimulated sucrose synthesis (7). It is felt, 
therefore, that observation of sucrose synthesis in leaves from introduced 
radioactive sugars might throw light on the mechanism of such a synthesis 
in higher plants. Experiments described below were performed with this 
object in mind. 


1 Manuscript received November 25, 1953. 
With financial help from the National Research Council of Canada and the Charles 
F. Kettering Foundation. 
P 2 Department of Biology and Department of Bacteriology, Queen's University, Kingston 
ntario. 
[The March number of this Journal (Can. J. Botany, 32 : 311-368. 1954) was issued 
March 22, 1954.] 
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Materials and Methods 


C-glucose equally labelled in all positions was prepared from radioactive 
starch produced by tobacco leaves (10). The equally labelled C'-glucose-1- 
phosphate was prepared by Main* (8) from uniformly labelled starch supplied 
by the authors. 

The plants used for these experiments were first illuminated for six hours 
and then placed for 30 min. in darkness. Leaves as uniform as possible were 
then detached and the petiole of each leaf was placed into 0.5 ml. of 0.2 M 
solution of either glucose or glucose-1-phosphate, containing 50 microcuries 
of carbon-14. Preliminary tests revealed that tobacco leaves placed with 
their petioles in this concentration of sugars do not show any visible signs of 
damage for at least 48 hr. In each experiment one leaf was used and this was 
kept at room temperature for six hours under one of the following conditions: 

(1) In light, in air. 

(2) In dark, in air. 

(3) In light, in nitrogen. 

(4) In dark, in nitrogen. 

In the glucose feeding experiments no accurate record was made of the 
actual amounts of the sugar solution taken in. However, approximately 90% 
of the solution offered was taken up in each case. In the glucose-1-phosphate 
feeding, all of the solution offered was taken up. 

At the end of each experiment the leaf was removed from the solution and 
its petiole was washed with distilled water. The leaf was then refluxed in 
boiling 80% ethanol for one-half hour and then Sohxlet extracted for at least 
six hours using the same ethanol. Two fractions were obtained: (1) the leaf 
residue containing starch and (2) the alcoholic extract containing sugars. 


(1) Leaf Residue 

The leaf residue was dried in a vacuum oven at 40° C., the starch was then 
extracted with perchloric acid and purified as described elsewhere (10). The 
purified starch was dried in a vacuum oven at 40° C. 

A weighed amount of the dried starch was dissolved in a definite volume of 
distilled water and its specific activity was determined by pipetting out 100 
lambda samples on to aluminum discs, drying them under an infra red lamp, 
and counting in a Simpson Methane Flow Counter. 

In the glucose-1-phosphate feeding experiments, not only the specific 
activity, but also the total amount of starch in the perchloric acid extract, 
was determined quantitatively. This was done colorimetrically using 
anthrone reagent (9). The color development was measured in a Beckman 
Quartz Spectrophotometer. 


(2) Alcoholic Extract 

The alcoholic extract was concentrated im vacuo at 32° C. to 1 ml., and the 
sugars present in an aliquot of this solution were separated by paper es 
chromatography. 


* The authors wish to express their thanks to Mr. A. R. Main who kindly supplied aca 
phosphate. 
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Fic. 1. Radiograph obtained after feeding C™ labelled glucose in light in air. 

Fic. 2, Radiograph obtained after feeding C™ labelled glucose in darkness in air. 

Fic. 3. Radiograph obtained after feeding C™ labelled glucose in light in nitrogen. 
Fic. 4. Radiograph obtained after feeding C™ labelled glucose in darkness in nitrogen. 
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Radiograph obtained after feeding C™ labelled G-1-—P in light in air. 
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Radiograph obtained after feeding C™ labelled G-1—P in darkness in nitrogen. 
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Two dimensional, descending paper chromatography was used. The 
chromatograms were permitted to run about 80 hr. in each direction using a 
butanol-ethanol—water (45 :5 :50) solvent for both runs. After the first 
run the chromatograms were dried and radioautographed to obtain the sucrose 
spot. This spot was subsequently hydrolyzed on the chromatogram using 
invertase solution adjusted to pH 5 with acetic acid (1). 

The chromatograms were then dried, rotated through 90°, and run again in 
the same manner. This second run gave better separation of the original 
free glucose and fructose, as well as separating out the glucose and fructose 
resulting from the invertase hydrolysis of the sucrose. 

Three chromatograms were run for each leaf extract. The first was tested 
with aniline phthalate and orcinol sprays to identify the sugars present. It 
was noted that the sprayed spots fluoresced when placed under ultraviolet. 
This proved to be a more sensitive method than color change for locating 
minute amounts of sugars. 

The second was sprayed with ninhydrin to determine whether any of the 
sugar spots were contaminated with amino acids. In nocase was this observed. 
The third was radiographed to locate the radioactive areas. 

Each radiograph was formed by placing the chromatogram against a sheet 
of “‘no screen’’ X-ray film for about seven days. At the end of the exposure 
period the film was developed. Plates I and II show the radiographs obtained. 
The radioactive areas on the chromatogram were located, identified, cut out, 
eluted with 5 ml. of distilled water, and the absolute amount of sugar was 
determined with anthrone reagent. 

The amount of activity in each sugar was measured by plating an aliquot 
of each eluate on an aluminum disc and counting it in a Simpson Methane 
Flow Counter. Knowing the volume of each extract spotted on the chromato- 
gram and the total volume of the concentrated alcoholic extract, it was possible 
to calculate the total amount of activity in each sugar. The specific activity 
of each sugar was calculated from the above two sets of data. 

It should be noted that the absolute amounts and the total and specific 
activities of the glucose and fructose moieties of sucrose, rather than sucrose 
itself, were determined. 


Results 


Table I shows the absolute amounts of various carbohydrates present in 
leaves kept under various conditions. Tables II and III show the total and 
relative activities of various carbohydrates. From these tables one can see 
that there is a considerable variation in the amount of activity present in 
various fractions. 

The origin area is represented mainly by phosphorylated sugars. Therefore, 
in Table III, the activity in this fraction was always high, since it contained 
some of the radioactive glucose-1-phosphate (G-1-P) taken into the leaves but 
not utilized. In Table II similar reasoning can account for the large amount 
of activity in the free glucose fractions. Taking this into consideration, one 
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TABLE I 


ABSOLUTE AMOUNTS OF VARIOUS CARBOHYDRATES PRESENT IN DETACHED TOBACCO LEAVES 
FED C LABELLED GLUCOSE AND GLUCOSE-1-PHOSPHATE UNDER VARIOUS CONDITIONS 


Sugars and starch as mgm. per leaf 
Conditions of 
Free Free Total experiment 
glucose Sucrose Starch 
6 hr. 
Leaves fed C glucose; 18 mgm. (0.1 25.3 9.0 20.1 54.4 +++ in light 
mM.) of glucose were offered to each in air 
leaf. About 15 mgm. were taken 
6 hr. 
13.0 6.7 7.3 27.2 + in darkness 
in air 
6 hr. 
413.7 $.3 15.1 34.1 ++ in light 
in nitrogen 
6 hr. 
10.4 1.7 6.4 18.5 + in darkness 
in nitrogen 
6 hr. 
Leaves fed C4 G-1-P, 36 mgm. (0.1 8.4 ee 13.3 28.8 30.8 in light 
mM.) of G-1-P, equivalent to 18 in air 
mgm. of glucose, were offered to each 
leaf. All of it was taken up 6 hr. 
1.0 0.1 3.8 4.9 8.2 in darkness 
in air 
6 hr. 
15.0 4.8 10.7 30.5 24.0 in light 
in nitrogen 
6 hr. 
6.0 0 1.5 7.5 9.6 in darkness 
in nitrogen 


can see that in the remaining fractions the largest percentage of the activity 
was almost always in sucrose. This was true even in darkness, where as seen 
from Table I, the absolute amounts of sucrose were low. In both the glucose 
and G-1-P fed leaves kept in darkness and nitrogen, there was little or no 
activity in free fructose. 

Table IV shows the specific activities of various carbohydrate fractions 
present in tobacco leaves under various conditions. In the experiments where 
C-glucose was fed, one expects to find the highest specific activity in the free 
glucose fraction. This expectation proved to be true, under all conditions 
except in darkness and air where the highest specific activity was in sucrose. 
The lower specific activity of the free glucose observed here is probably due 
to the dilution of this fraction by inactive glucose from starch towards the 
end of the feeding period. 
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TABLE II 


THE TOTAL AND RELATIVE ACTIVITIES OF VARIOUS CARBOHYDRATE FRACTIONS IN DETACHED 
TOBACCO LEAVES FED C GLUCOSE UNDER VARIOUS CONDITIONS 


Products isolated 


Total |Conditions of 


rigi ivi i 
Free Free nein Origin activity | experiment 
glucose fructose area 


6 hr. 
Total activity counts/min. X 108 42,600 10,400 32,300 5,100 90 ,400 in light 


in air 
6 hr. 
23,000 5,600 25,200 5,900 59,700 in darkness 
in air 
6 hr. 


32,100 9,650 36,350 9,900 88 ,000 in light 
in nitrogen 


6 hr. 
26,900 700 4,100 5,200 36,900 in darkness 
in nitrogen 


6 hr. 
% of total activity 47.1 14:3 35.7 S.7 100 | in light 


in air 
6 hr. 
38.5 9.4 42.2 9.9 100 in darkness 
in air 
6 hr. 


36.5 11.0 41.2 11.3 100 in light 
in nitrogen 


6 hr. 
72.8 2.0 11.0 14.2 100 in darkness 
in nitrogen 


In the G-1-P fed leaves the free glucose fraction is not identical to the 
compound fed. The activity of this fraction now depends on the rates of 
G-1-P and sucrose hydrolysis as well as on the extent of subsequent dilution. 
For this reason the free glucose fraction is less likely to have the highest 
specific activity. 

In all variants, with the exception of the G-1-P fed in darkness and air and 
also in light and nitrogen, the specific activity of the free fructose was the 
lowest of the sugars isolated. In both the glucose and G-1-P fed leaves the 
specific activities of the glucose and fructose moieties of sucrose are almost the 
same. A similar result was obtained by Hassid and Putnam (6) when these 
two workers infiltrated C' labelled glucose or fructose into the leaves of 
Canna indica. 

In the leaves fed glucose in light the specific activity of the sucrose is very 
close and only slightly lower than that of the free glucose. In the darkness 
and air variant it is higher, and in darkness and nitrogen it is lower. 
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TABLE III 


THE TOTAL AND RELATIVE ACTIVITIES OF VARIOUS CARBOHYDRATE FRACTIONS PRESENT IN 
DETACHED TOBACCO LEAVES FED C" GLUCOSE-1-PHOSPHATE UNDER VARIOUS CONDITIONS 


Free Free cia Origin Starch Total (|Conditions of 


glucose fructose area activity | experiment 


6 hr. 
Total activity counts/min.| 16,300 11,200 26,000 21,900 800 76,200 in light 
X 103 in air 


6 hr. 

700 100 7,700 7,200 800 16,500 in darkness 
in air 

6 hr. 
10,800 6,900 20,400 22,600 100 60,800 | in light 

in nitrogen 


6 hr. 
7,500 0 300 15,700 0 23,500 in darkness 
in nitrogen 


6 hr. 

% of total activity 21.4 14.7 34.1 28.7 $.4 100 in light 

in air 

6 hr. 

4.5 0.5 46.5 43.4 5.1 100 in darkness 
in air 

6 hr. 

17.7 11.3 33.6 37.2 0.2 100 in light 

in nitrogen 


6 hr. 
31.9 0 1.1 66.9 0.1 100 in darkness 
in nitrogen 


In the G-1-P fed leaves the specific activity of sucrose is usually either equal 
or higher than that of the free glucose. The only exception to this is in the 
darkness and nitrogen variant, where as shown in Table III very little accumu- 
lation of activity in sucrose took place. In all the experiments carried out 
the specific activity of starch is very low, being roughly 1/100 of that of the 
sugar fractions. 


Discussion 

Sucrose Synthesis 

If one pictures a sucrose phosphorylase system in tobacco leaves similar to 
that in Pseudomonas saccharophila, then one would expect to find that the 
specific activities of the glucose and fructose moieties of sucrose would be 
similar to the specific activities of the glucose-1-phosphate and free fructose 
respectively. Since, as shown in Table IV, whether leaves are fed glucose 
or G-1-P the specific activity of the free fructose is always lower than that of 
the fructose moiety of sucrose, the last named fraction could not be derived 
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TABLE IV 


SPECIFIC ACTIVITIES OF VARIOUS CARBOHYDRATE FRACTIONS PRESENT IN DETACHED TOBACCO 
LEAVES FED C LABELLED GLUCOSE AND GLUCOSE-1-PHOSPHATE 
UNDER VARIOUS CONDITIONS 


Specific activity, counts/min./mM. X 105 


Conditions of 
Free Free Starch experiment 


glucose fructose Glu Sicetes as glucose 


6 hr. 
Specific activity of C™ glucose fed. 3,030 2,080 2,800 2,700 50 in light 
11,106 X 105 c./min./mM. in air 


6 hr. 

3,190 1,500 5,860 5,650 200 in darkness 
in air 

6 hr. 

4,320 3,280 4,240 4,000 10 in light 

in nitrogen 


6 hr. 
4,650 760 1,310 850 0 in darkness 
in nitrogen 


6 hr. 
Specific activity of glucose in C'« G-1-P 3,500 2,840 3,620 3,050 50 in light 
fed. 10,757 X 105 c./min./mM. in air 


6 hr. 
1,350 1,580 3,880 3,090 180 in darkness 
in air 


6 hr. 
1,290 2,580 3,270 3,250 10 in light 


in nitrogen 
6 hr. 


2,240 0 300 300 0 in darkness 
in nitrogen 


from the free fructose. Therefore, synthesis of sucrose in tobacco leaf tissues 
does not operate in the same manner as in Pseudomonas saccharophila. 

In the G-1-P fed leaves the specific activity in the free glucose fraction can 
originate either from hydrolysis of the G-1-P introduced, or inversion of 
radioactive sucrose synthesized. As is seen from Table IV the specific 
activity of free glucose was always lower than that of the glucose moiety of 
sucrose even though there was considerable sucrose synthesis. The only 
exception to this is in darkness and nitrogen, when sucrose synthesis was 
negligible. Therefore, one can conclude that free glucose was not a direct 
precursor in sucrose synthesis. 

However, even though free glucose does not serve as a direct precursor of 
sucrose, it must serve indirectly, since the sucrose formed was radioactive. 
It is, therefore, suggested that the immediate precursors of sucrose are not 
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free glucose and free fructose, but probably phosphorylated forms of these 
two sugars (2). Since the specific activities of the glucose and fructose moieties 
of sucrose are almost the same, there must be a very rapid interconversion 
between these two phosphorylated sugars. 


Starch Synthesis 

As is seen in Tables III and IV, in the G-1-P fed leaves, the total and specific 
activities of starch are low. Under the same experimental conditions about 
equal amounts of starch were also formed in the glucose fed leaves and the 
same low specific activities were observed. From this it follows that in spite 
of the considerable amount of starch found in light in both glucose and G-1-P 
fed leaves, there was only small incorporation of these sugars into starch. 
On the other hand when CO; is fed to photosynthesizing leaves, large amounts 
of it are incorporated into starch (11). Synthesis of starch from carbon 
dioxide but not from introduced glucose and G-1-P can be explained in two 
ways. According to the first explanation this synthesis is due to the spatial 
distribution within the cell of the enzymes responsible for the synthesis of 
starch and sucrose. Starch phosphorylase is located in the plastids, while 
sucrose phosphorylase in the peripheral layer of the cytoplasm. Sugars 
formed from carbon dioxide in photosynthesis are released into the metabolic 
pool directly into or in a close proximity to the plastids, and in this way they 
come in preferential contact with the starch and not sucrose phosphorylase. 

On the other hand when sugars are fed to cells from the outside, on their 
way into cells they first come in contact with sucrose and not starch phos- 
phorylase. Since in the reported experiments only small amounts of sugars 
were introduced into cells they were completely used up at the periphery and 
only small amounts of them reached the plastids. 

According to the second explanation, the products of carbon dioxide 
assimilation, at least those immediately preceding glucose formation, are 
passed directly from one prosthetic group to another without being released 
into the metabolic pool. As a consequence glucose formed from carbon 
dioxide is passed directly to starch phosphorylase. On the other hand glucose 
introduced into cells from without does not come in preferential contact with 
starch phosphorylase but is also available to other enzymic systems. Experi- 
ments are in progress to test these two explanations. 


Starch in Relation to Respiration 

It has been generally assumed that, in light, respiration proceeds at the 
same rate as in darkness. That this is a correct assumption has been shown 
for Chlorella (3,4), and more recently for a number of higher plants (4). In 
other words carbon dioxide production proceeds in the light and in the dark 
essentially at the same rate. 

This means that leaves supplied with radioactive sugars ought to produce 
radioactive carbon dioxide both in light and in darkness. Radioactive carbon 
dioxide produced in darkness would be evolved, and this has been observed 
in our experiments. Radioactive carbon dioxide produced in light would 
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have gone mainly into various products of photosynthesis including starch, 
which ought to become radioactive. As is seen in Tables III and IV only 
very small amounts of activity appeared in starch. These results may be 
explained by the assumption that sugars served as a respiratory substrate 
only in dark and not in light. Weigl ef al. (12) observing respiration of barley 
leaves with the help of isotopic carbon concluded that “‘in strong light respira- 
tory carbon dioxide originates primarily from endogenous sources and only 
to a very slight extent from recently assimilated carbon”’. 


Conclusions 


1. When C* labelled glucose and glucose-1-phosphate are fed to tobacco 
leaves the specific activity of the free fructose is considerably lower than that 
of the fructose moiety of sucrose. The mechanism of sucrose synthesis in 
tobacco leaves, therefore, must be different from that reported for Pseudo- 
monas saccharophila. 

2. It is concluded that the immediate precursors of sucrose in tobacco leaves 
are not free but probably phosphorylated forms of both fructose and glucose. 

3. When radioactive glucose or glucose-1-phosphate were introduced into 
leaves rapid synthesis of sucrose but not of starch was observed. Two possible 
explanations for this are given. 

4. When tobacco leaves are permitted to carry on photosynthesis in the 
presence of C02, the starch formed is radioactive. When C* labelled 
glucose and glucose-1-phosphate are introduced into leaves the deposited 
starch contains only a small amount of activity. These results have been 
taken to indicate that the sugars fed served as a respiratory substrate in 
darkness but not in light. 
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RESISTANCE OF COMMON BARBERRY (BERBERIS VULGARIS L.) 
TO RACE 15B OF WHEAT STEM RUST! 


By T. JOHNSON? AND G. J. GREEN® 


Abstract 


Twenty-four plants of barberry, Berberis vulgaris L., were inoculated with 
sporidia derived from several collections of race 15B of Puccinia graminis var. 
tritici Erikss. & Henn. Only five small pustules of aecia were produced on these 
plants; all other infections were limited to small necrotic spots or very small 
pustules of pycnia. 


Ever since race 15B of Puccinia graminis var. tritici Erikss. & Henn. became 
widely distributed, in 1950, attempts have been made to produce teliospores 
of this race in pure culture in the greenhouse and thereafter to germinate 
these spores and infect barberry with the sporidia so that the races arising 
from the aecial progeny could be determined. These efforts were not at first 
attended with success owing to scanty teliospore production and very poor 
germination of such spores as were produced. In the spring of 1952, however, 
a fairly abundant production of teliospores occurred on seven wheat varieties 
inoculated in the adult stage in the greenhouse with bulked isolates of race 
15B obtained from stem-rust collections gathered in various places in Canada 
in 1951. After being frozen in the ice-cube compartments of a refrigerator 
from May, 1952, until March, 1953, these spores germinated and were used 
in infection studies with common barberry (Berberis vulgaris L.). 

Twenty-four plants of common barberry were inoculated with this material 
between March 19 and June 17, 1953; teliospores from all the seven above- 
mentioned wheat varieties were used in these tests. The infection results 
were similar in all tests. All of the 24 barberry plants proved to be highly 
resistant. Infections were mostly limited to small necrotic spots or very small 
pustules of pycnia in which no aecia developed. A few aecia, however, devel- 
oped in five pustules. Uredial progeny were obtained from four of these. 
One of these pustules of aecia produced a culture of race 9. A second pro- 
duced a culture of race 11. A third produced a culture of race 15B very 
similar in pathogenicity and urediospore color to the 15B isolates that gave rise 
to the teliospores. A fourth produced a culture of race 15B decidedly weak 
in urediospore production. 

The resistance of the barberry plants was obviously not the result of any 
peculiarities of the environmental conditions during the tests. During the 
period of the tests other races produced normal infections in which an abund- 
ance of pycnial nectar was followed by prolific development of aecia. Fig. 1 
shows 22-day-old infections produced on barberry by races 15B and 69, both 
plants having been inoculated the same day (April 23, 1953). It is not likely, 

1 Manuscript received December, 30, 1953. 
Contribution No. 1344 from the Botany and Plant Pathology Division, Science Service, 
Department of Agriculture, Ottawa, Canada. 
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Fic. 1. Twenty-two-day old infections produced on barberry by races 15B and 69 of 
Puccinia graminis var. tritici. a. Resistant infections produced by race 15B. _). Suscept- 
ible infections produced by race 69 
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either, that the infection results can be attributed to any peculiarity of treat- 
ment during the dormancy of the teliospores. Teliospores of race 59 which 
received similar and simultaneous treatment gave rise to normal infection 
of barberry, i.e., abundant nectar and large pustules of aecia. 

It would seem, therefore, that the infection results obtained with race 15B 
were inherently characteristic of the cultures studied. It is less certain that 
these findings can be applied to race 15B as a whole. The only previous 
inoculation of barberry with this race—a culture of it from rust collected at 
Killarney, Man., in 1946—gave rise to normal pycnia and aecia. Uredial 
cultures derived from the aecia were identified as one or another of races 11, 
15B, 80, and 147. 

It seems probable that race 15B is not a unit with regard to its behavior on 
barberry. At least, this is indicated by the discrepancy between the infection 
results with the 1946 collection of this race, which produced aecia readily, and 
the 1951 bulked collections which did not. It is possible that the race 15B 
which became suddenly predominant in 1950 differs in this respect from the 
rarely collected earlier specimens of the race. 
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OXYGEN UPTAKE BY RHIZOBIA IN SOIL! 
By J. F. T. SPENCER? 


Abstract 


Plant residues were mixed with moistened soils and the mixtures incubated 
at room temperature. Samples were taken at intervals of several days, steam 
sterilized, and used as substrates in the Lees respirometer for measurements of 
oxygen uptake by Rhizobium meliloti. Rhizobia were active in the soils and 
their activity was stimulated by addition of ordinary plant residues. It was 
found that the shorter the incubation period of the soil — plant residues mixture, 
the greater was the increase in oxygen uptake over that obtained when the soil 
alone was used as substrate. The Lees respirometer was found to be a con- 
venient apparatus for measurements of oxygen uptake by soii microflora. 


Introduction 


Rhizobia, during that part of the life cycle spent nonsymbiotically, as free- 
living organisms in the soil, must compete with other heterotrophic organisms 
for their food supply. However, rhizobia are unable to utilize polysaccharides 
and similar compounds and must depend for a source of energy upon mono- 
and disaccharides, sugar alcohols, and other compounds of like nature. As 
part of a series of studies of the behavior of rhizobia in soil cultures (2,5), 
therefore, an attempt was made to determine the relative amounts of nutrient 
materials made available to the rhizobia by the decomposition of, plant 
residues in soil. 


BURETTE 


fi PINCH CLAMPS — 


—€émm. GLASS TUBING 


FOLDED FILTER PAPER~ / / / 
/ -| 250ml. COMPENSATING 
/ ABSORPTION CUP 


/ 


f 
250 mi, REACTION VESSEL 


Fic. 1. Respiration apparatus. 


1 Manuscript received October 17, 1952 and, as revised, December 18, 1953. 
Contribution from Department ‘of Soils, University of Alberta, Edmonton, Alberta, with 
financial assistance from the National Research Council of Canada. 
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Séleuaaee National Research Council, Saskatoon, Sask, 
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The conventional Warburg respirometer has been widely used in the study 
of the metabolism of Rhizobium species and other microorganisms. However, 
when soil is used as a substrate the usual Warburg flasks are too small to allow 
the use of a large enough sample of soil. Attempts have been made to 
circumvent this obstacle by the use of special respirometric apparatus. Smith 
and Brown (4) used a modified Barcroft differential manometer in a study of 
carbon dioxide production in Iowan soils. Corbett (1) studied carbon dioxide 
evolution from tropical soils by an absorption method. Lees (3) adopted 
the Haldane constant pressure respirometer for use in his study of the meta- 
bolism of the microflora of tropical soils. Since the Lees apparatus was 
designed to allow continuous measurement of oxygen uptake by the microflora 
in a relatively large sample of soil, this apparatus (Fig. 1) with minor modi- 
fications was used throughout these experiments. 


Materials and Methods 


Samples were taken from six irrigated fields in southwestern Alberta. Five 
of these fields were in the dark brown soil zone and had been under irrigation 
for nearly fifty years, the other, soil No. 2, was in the thin black soil zone and 
had only recently been brought under irrigation. The sample from this 
field was relatively high in organic matter. 

Each sample was treated in accordance with the following scheme: 


Original sample >Dried and ground 


Divided into three parts 


Returned to 
storage. 

Labelled ‘untreated 
soil’ 


Mixed with 2% by weight of 
chopped straw, made up to 50% 
of total water holding capacity, 
and incubated at room tempera- 
ture. Labelled ‘‘soil + straw” 


Sample Sample Sample 
taken taken taken 
immed- _ after after 
10 days 28 days 


| 
Mixed with 1, by weight of 
alfalfa meal, made up to 50% 
of total water holding capacity, 
and incubated at room tempera- 
ture. Labelled ‘‘soil + alfalfa’ 


Sample Sample Sample 
taken taken taken 
immed- after after 
iately 10 days 28 days 


| 
All samples dried at 45° and stored in glass jars 


Ground and used as 
substrates in 
respirometer 


Ground and used as substrates 
in respirometer 


Ground and used as substrates 
in respirometer 
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Each respirometer flask contained 20 gm. of the ground soil. The soil was 
moistened, the carbon dioxide absorption cups and filter papers were put in 
place, and the reaction flasks were stoppered with cotton and sterilized by 
steam. After sterilization, the flasks were allowed to cool and the soil was 
inoculated with 5 ml. of a suspension of R. meliloti prepared by the method 
of Wilson (6), except that the cells were not centrifuged and washed. The 
final moisture content of the soil was 50% of total water holding capacity. 
After the soil had been inoculated, the absorption cups were filled with 10% 
sodium hydroxide solution and the reaction flasks were flushed with oxygen 
and attached to the respiration apparatus. The reaction flasks were held at 
30° C. in a water bath. The flasks were left in the bath for 15 min. to reach 
thermal equilibrium, after which the pinch clamps were closed and the first 
set of readings were taken. Readings were then taken every two or three 
hours during the day for two days. The oxygen uptake in milliliters was 
calculated at standard temperature and pressure. All determinations were 
done in duplicate. 


Results and Discussion 


The results from soil No. 1 and soil No. 2 are shown in Figs. 2, 3, 4, and 5. 
The results obtained from soils No. 3-6 were very similar to those obtained 
from soil No. 1, and so were not reported here. Where straw or alfalfa was 
added to soil No. 1, the oxygen uptake by the rhizobia was greater than that 
in the same soil to which no additions had been made. The increase in 
oxygen uptake was greatest when the time of incubation of the soil — plant 
residue mixture was least, and decreased as the incubation time was increased. 
The results from soil No. 2 differed in that the oxygen uptake by the rhizobia 
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T 
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TIME, (hours) 


_ Fic. 2. Oxygen uptake by soil No. 1. Soil sterilized and inoculated with rhizobia 
immediately after mixture with straw or alfalfa. 
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INCUBATED 10 DAYS 


ALFALFA 
O-SOIL STRAW 
@-UNTREATED SOIL 


SOIL _No.t 


INCUBATED 26 DAYS 


1 1 


10.0 
60} 
w 
a 
z 
° 
x 
6.0} 
60 
40}- 
20, 
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Fic. 3. Oxygen uptake by soil No. 1. 


10 20 30 40 
TIME, (hours) 
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Soil mixed with straw or alfalfa, moistened, 


incubated for 10 days and 28 days, dried, and ground before sterilization and inoculation 


with rhizobia. 
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Fic. 4. Oxygen uptake by soil No. 2. 
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10.0 SOIL No.2 
INCUBATED 10 OaYS 
@-SOM ALFALFA 


8.0Fr + 
O-SOIL STRAW 
@- UNTREATED SOIL 
6.0 + 
2 
ray 
w 
= bee 4 
5 2.0 
z 
w 


INCUBATED 286 DAYS 


TIME, (hours) 


Fic. 5. Oxygen uptake by soil No. 2. Soil mixed with straw or alfalfa, moistened, 
incubated for 10 days and 28 days, dried, and ground before sterilization and inoculation 
with rhizobia. 


in the “untreated soil’? sample was greater than that of the rhizobia in the 
soil to which straw or alfalfa had been added immediately before the sample 
was taken. After the mixture of soil and plant residue had been incubated 
for 10 and 28 days, results similar to those from soil No. 1 were obtained. 
Soil No. 2 was higher in organic matter than soil No. 1. If some toxic product 
were formed during sterilization of the soil—plant residue mixture, it could 
account for the decrease in oxygen uptake by the rhizobia. 

From the results obtained it may be seen that plant residues added to the 
soil furnished materials which were available to the rhizobia for respiration. 
These materials persisted in the soil for some time. Further experiments are 
necessary to show whether these available materials are produced by the 
action of the general soil microflora on the plant residues, or whether they are 
artifacts arising out of steam sterilization of the soil. 

In addition, Figs. 3, 4, and 5 show that the rate of oxygen uptake was 
generally lower on the second day than on the first day after the soil was 
inoculated with the rhizobia. Hedlin and Newton (2), however, found very 
large numbers of viable rhizobia in soil cultures nine days after inoculation. 
It seems likely, therefore, that rhizobia are not normally in a very active state 
in the soil. Nevertheless, in view of the scarcity of information on this 
subject, it is interesting to observe that the legume bacteria were active in 
the soils independently of the host plant, and that their activity was stimu- 
lated by the addition of ordinary plant residues. 


i 
4 0 
4.0 
2.0 
Z 
ZB 
“a ° 
10 20 30 40 $0 
a 
lt 
| 


} 


SPENCER: OXYGEN UPTAKE BY RHIZOBIA 385 


The Lees respirometer was found, in this series of experiments, to be con- 
venient to handle in work involving oxygen uptake by microorganisms in soil. 
Changes in gas volumes could be followed over relatively long periods of 
time, and the precision of the results obtained was good. 


References 


1. Corsett, A. S. Studies on tropical soil microbiology. I. The evolution carbon 
dioxide from the soil and the bacterial growth curve. Soil Sci. 37 : 109-115. 1934. 

2. HepLIn, R. A. and Newton, J. D. Some factors influencing the growth and survival of 
rhizobia in humus and soil cultures. Can. J. Research, C, 26 : 174-187. 1948. 

3. Lees, H. A simple apparatus for measuring the oxygen uptake of soils. Plant and Soil, 
2: 123-128. 1949. 

4. SmirH, F. B. and Brown, P. E. Methods for determining —— dioxide production in 
soils. Towa Agr. Expt. Sta. Research Bull. 147 : 27-51. 1932 

5. SPENCER, J. F. T. and Newron, J. D. Factors influencing the wonnh and survival of 
rhizobia in humus and soil cultures. II. Can. J. Botany, 31 : 253-264. 1953. 

6. WILSON, P. W. Respiratory enzyme systems in symbiotic nitrogen fixation. I. The 


“resting cell’’ technique as a method for study of bacterial metabolism. J. Bacteriol. 
36 : 601-629. 1938. 


q 
| | 
3 
i 
} 


386 


STUDIES ON ACTINOPHAGE FOR STREPTOMYCES SCABIES 
(THAXT.) WAKSMAN AND HENRICI! 


By F. H. S. NEwsouLp? anp E. H. GARRARD? 


Abstract 


An actinophage for Streptomyces scabies was isolated from soil surrounding scab 
infected potatoes. Tested against 15 scab producing Streptomyces cultures 
isolated from scab lesions, 13 were lysed, one partially lysed, and one was 
resistant. Against 15 nonscab producing strains of actinomycetes, also isolated 
from scab lesions, 13 were not lysed and 2 showed evidence of partial lysis. 
Tested against actinomycete cultures isolated from soil, the phage was less 
specific and the results were inconclusive. Lack of phage specificity is attributed 
to variation among Streptomyces cultures. 


Introduction 


The investigation of the problem of potato scab in Ontario has demon- 
strated the need for a simple, reliable means of differentiating scab producing 
or pathogenic Streptomyces from nonscab producing forms, since the 
morphology and physiological characteristics of these organisms are extremely 
variable. Initial work in this department (4) has indicated the possibility 
that a phage specific for potato scab producing Streptomyces might be of 
assistance in separating the two groups. 

Certain actinophages have been demonstrated by other workers. Wiebols 
and Wieringa (9) found that various actinomycetes isolated from infected 
potatoes underwent lysis in culture, which was believed to be caused by 
transmissible phages, polyvalent in nature. Saudek and Colingsworth (5) 
first reported the production of phage by Streptomyces griseus, and in the same 
year, Woodruff et al. (10) isolated a phage active against only streptomycin 
producing strains of S. griseus. While others also have reported on phage for 
this organism (3) there appears to be no other work reported on the isolation 
of a phage specific for S. scabies. 


Experimental 
Media 


been shown to be dependent on the medium employed for the propagation of 
the host. Workers studying the S. griseus —- phage system have found that 
the phage attacks young, actively growing cultures. It was necessary, 
therefore, to find a medium which would produce active young cultures of 
the organisms under study, and support the growth and production of phage. 
Preliminary experiments were conducted to select media which would support 
rapid growth of S. scabies in shake cultures. Eventually, four media were 
1 Manuscript received December 11, 1953. 

Contribution from the Department of Bacteriology, Ontario Agricultural College, Guelph, 

Ontario. Part of the program of the Potato Scab Research Committee in Ontario. 
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chosen and all found to support excellent growth within 24 hr. after inoculation 
with spores suspended in 1-5000 ‘“‘Tween 20’. These were: Richard’s 
medium with asparagine and dextrose (6), soybean meal as described by 
Koerber et al. (3), Campbell and Hofer’s sauerkraut juice calcium glycero- 
phosphate broth (1), and Douglas’ potato infusion broth (2). 


Isolation of Phage 


The most likely source of any bacterial phage is from material in which 
there has been active multiplication of the host. Therefore, it was decided to 
attempt phage isolation from soil in the immediate vicinity of badly infected 
potatoes. The sample used was obtained from the soil directly in contact 
with potatoes growing in a check plot on the experimental area controlled by 
the Ontario Potato Scab Research Committee. In this plot the tubers were 
rated as showing 66% scab infection in 1951. 


Fifty milliliter quantities of media in Erlenmeyer flasks were inoculated 
with 1 ml. of a spore suspension in 1-5000 ‘‘Tween 20’, containing approxi- 
mately 10 million spores per ml. To each of these inoculated flasks were 
added approximately 250 gm. of soil. The flasks were incubated for 48 hr. 
at 25°C. on a reciprocating shaker, giving approximately 100 cycles per 
minute with a two inch distance of travel. 

After incubation, the material in each flask was filtered through paper and 
a Seitz filtering disk. One milliliter of each filtrate was tested for the 
presence of phage by mixture in a Petri dish with 1 ml. of spore suspension 
and 10-12 ml. of yeast beef agar (0.7% agar). Duplicates were made with 
standard nutrient agar. Ten milliliters of each filtrate were added to a newly 
seeded flask of the same medium and incubated on the shaker for 48 hr. 
These were Seitz filtered and tested for activity as above. 


Results 


Activity Against Known Streptomyces 


Only plates inoculated with the potato infusion filtrate yielded plaques, 
there being in the neighborhood of 250 plaques on yeast beef agar and 60-70 
on nutrient agar. The plaques were smaller on the latter medium, probably 
because of the difference in agar concentration. The phage count in the 
potato filtrate was built up by serial transfer to 1 X 10-® per ml. and the 
activity against a number of known cultures of Streptomyces was determined. 

Under the above conditions, and using yeast beef agar only, 15 known scab 
producing strains of S. scabies, isolated from scab lesions, and all positive to 
the brown-ring test of Taylor and Decker (7) were tested. Thirteen under- 
went complete lysis, one was partially lysed, and one strain (P20) was 
resistant. 


Tested against 15 known nonpathogenic, brown-ring negative cultures, also 
isolated from scab lesions, the phage was quite inactive against 13 of them, 
while the other two cultures (S25 and S27) showed a number of extremely 
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small, plaquelike areas only when 1 ml. of filtrate was used, which represents 
10 times the amount of filtrate that was used to produce complete lysis with 
the pathogenic cultures. 


Isolation of Lysogenic Phage From Culture Po 

Since resistance of an organism to a phage may be the result of interference 
by another phage in symbiosis with the host, attempts were made to isolate 
phage from a culture of Peo, the pathogenic strain showing resistance to the 
phage isolated from the soil. 

Spore suspensions of P29 and another pathogenic strain, Pos were grown 
together in potato infusion shake cultures. After 48 hr. the resulting mycelium 
was filtered out on No. 40 Whatman paper and the filtrate tested against Pos, 
both in shake cultures and in beef yeast agar. In shake cultures lysis resulted, 
and the plates showed plaques much smaller than those produced by phage 
No. 1, a characteristic which proved to be stable. This phage was inactive 
against several stock pathogenic cultures indicating some specificity. 


Adaptation of Phage to a Nonpathogenic Culture 

As mentioned previously, phage No. 1 produced small plaquelike areas 
when tested against cultures S25 and S2;._ As these areas might indicate some 
activity against these two strains, attempts were made to build up phage 
activity against these nonpathogens by daily transfer. 

No success was achieved with either culture by usual serial transfer methods, 
but by filtering out each day’s growth on No. 40 Whatman paper and 
reinoculating the filtrate with fresh spore suspension, it was possible after 
five to six days to demonstrate a phage for S2; which lysed the mycelium in 
shake cultures and produced halo-like plaques on plates. No such phage 
could be demonstrated for S25. It was still active, however, against stock 
pathogenic cultures. 


Effect of Age of Mycelium on Phage Multiplication 

In order to determine the age of mycelium at infection for maximum phage 
production, an experiment was conducted to determine the ability of phage 
No. 1 to lyse mycelium of different ages. A series of flasks were inoculated 
with spore suspension, incubated on the shaker at room temperature, and the 
phage added to one flask at a time at two hour intervals up to 20 hr. of age. 

Complete lysis of all mycelium up to 14 hr. was effected. At 16 hr. no 
growth occurred after the phage was added, while at 18 and 20 hr. the mycelium 
apparently had become completely resistant. After these results were noted, 
counts were made on each flask to determine the concentration of phage. 
These counts revealed that the age of mycelium at infection had a marked 
effect on the final numbers of phage produced in the shake culture. This is 
shown in Table I. Repetition of this experiment, while showing lower counts 
throughout, gave a curve essentially similar to that obtained in the first 
experiment. It would seem therefore, that the optimum age at initial 
infection for maximum phage production is in the range of 8 to 11 hr. 


q 
| 
yan 


NEWBOULD AND GARRARD: ACTINOPHAGE 389 


TABLE I 


EFFECT OF AGE OF ACTINOMYCETE MYCELIUM ON PHAGE 
MULTIPLICATION AT TIME OF INFECTION 


Age at infection, in hr. No. of plaques per ml. (X 107°) 
2 6.7 
4 20.0 
6 45.6 
8 262.0 
10 > 300.00 
12 46.4 
14 15.6 
16 


Activity of Phage Against Soil Isolates 

As the phage had been relatively successful in distinguishing between 
known pathogenic, brown-ring positive cultures and nonpathogenic, brown- 
ring negative cultures, all isolated from scab lesions, it was decided to test the 
ability of the two phages (the original isolate and that adapted to culture 
No. S27) to lyse a number of actinomycetes isolated from soil during the 1952 
program of the Potato Scab Research Committee. 

With a few minor exceptions the two phages behaved identically, indicating 
the adapted phage was no more promiscuous than the original. Of 168 
actinomycete cultures tested, 74 were lysed and 94 were not lysed. In 


TABLE II 


COMPARISON OF PHAGE WITH BROWN-RING TEST AND PATHOGENICITY TRIALS ON 
CULTURES OF ACTINOMYCETES ISOLATED FROM SOIL 


Culture Phage Brown-ring Path.-trial 
1E12 +* + +** 
1F3 + + + tr. 
1B43 + 
1F7 + + - 
1C61 + - + 
1F56 + - - 
1E87 + 
1F19 + 
1D35 - + - 
1E48 - 


*+ Culture lysed. 
** 4. Scab on tubers. 
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comparison with the brown-ring test, agreement was obtained in 127 cultures 
(75.7%), 21 brown-ring positive cultures were not lysed and 20 brown-ring 
negative cultures were lysed. Without knowing the scab producing potenti- 
alities of these organisms, little importance could be attached to these results, 
consequently pathogenicity trials were first undertaken with 10 of the cultures 
chosen to represent three groups of organisms, namely: brown-ring positive — 
phage negative, brown-ring negative —- phage positive, and brown-ring 
positive — phage positive. 

As shown in Table II the results were inconclusive, and there was poor 
correlation between brown-ring tests, pathogenicity trials, and phage results. 
Only four of the seven lysed cultures produced scab, and scab was produced 
by one culture that was not lysed. Pathogenicity trials were not continued 
with other soil isolates, because it was apparent that the phage had lost some 
of its specificity. 


Discussion 


While fairly consistent results were obtained with the phage against known 
pathogenic and nonpathogenic Streptomyces strains isolated from scab lesions, 
the phage obviously lacked specificity against the group of cultures isolated 
from the soil, which is not surprising, considering the heterogeneity of the 
cultures isolated. There was not the close agreement with the brown-ring 
test, found among the known cultures, but it is doubtful whether too much 
attention should be paid to this test, as work in this department (8) casts 
doubt on the ability of the test to consistently differentiate pathogenic from 
nonpathogenic forms of actinomycetes. 

Variation among the actinomycetes may explain in part the inconsistent 
results obtained with the soil isolates. During the course of this investigation 
it became increasingly difficult to maintain a uniform stock culture to propa- 
gate the phage. Considerable variation occurred, and repeated platings and 
reisolations from this and other stock cultures failed to produce stable cultures 
for any length of time. Other work (8) has shown that even cultures grown 
from single spores produced a variety of colony types after a few transfers. 
As the work progressed, it was evident that the phage was losing its specificity, 
as two nonpathogenic cultures, previously resistant, had become susceptible. 

Despite the failure to consistently separate pathogenic from nonpathogenic 
forms of actinomycetes, a technique was established for successfully isolating 
a phage from soil which appeared to be more specific for scab producing than 
nonscab producing strains of Strepiomyces. While phage typing seemed 
specific at first and could differentiate those strains of actinomycetes capable 
of causing potato scab from nonpathogenic forms that had been isolated from 
scab lesions, attempts to differentiate pathogenic and nonpathogenic forms 
isolated directly from soil proved unsatisfactory. This may be because some 
pathogenic and saprophytic actinomycetes can both be lysed by one phage, or 
that the potential variability of actinomycete strains is such that they may 
readily change in their susceptibility to lysis by an actinophage. As phage 
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specificity is dependent on the use of stable cultures, any future work to 
continue to develop an actinophage suitable for typing would appear to 
depend on a better understanding of culture variation among the actinomycetes. 
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PHOTOPERIODIC ECOTYPES OF TREES! 


By OLLI VAARTAJA? 


Abstract 


Seedlings of Pinus sylvestris L. and Alnus incana (L.) Moench. from two 
widely different latitudes were grown under two different photoperiods, but 
otherwise under optimum conditions. Under continuous light the seedlings 
from a far northern latitude grew better than those from a more southern 
latitude. This situation was reversed under short photoperiods. Since the 
days of the growing season at the northern latitude are extremely long and those 
at the southern latitude relatively short, the difference in growth of the seedlings 
is explained as being the result of heritable adaptation of the trees. The 
experimental results thus support the theory that within tree species there are 
“photoperiodic ecotypes” which during evolution have adapted themselves to 
the photoclimate of their environment. 


Introduction 


Many tree species show abnormal seasonal development if they are exposed 
to short photoperiods. Most trees tested under short photoperiods tend to 
go into dormancy too early. This has been established in numerous studies 
by Garner and Allard (1), Moschkov (8), Kramer (5), Sylven (10), Karschon 
(4), Wareing (12, 13), Vaartaja (11), and others. Short photoperiods are only 
harmful if they are shorter than the normal photoperiods of the growing 
season in the natural environment of the tree in question. 

Wareing (12) has established that the dormancy of tree seedlings can begin 
early and the growth can be relatively small, even under abnormally long 
photoperiods. In his experiments a photoperiod of 20 hr. seemed to be the 
optimum for one-year-old Scots pine. The growth was considerably less 
under continuous illumination. These pines, probably of English origin, 
grew well under a 14-hr. photoperiod and went into dormancy later than when 
kept under continuous illumination. In Vaartaja’s (11) experiments with 
Scots pine of Finnish origin, the situation was reversed. The Finnish seedlings 
developed poorly under a 14-hr. photoperiod and went into dormancy earlier 
than when under continuous illumination. This divergency of experimental 
results is probably caused by inherent differences between two pine populations 
from latitudinally, and hence also photoclimatically, different environments. 

The evident difference in the reactions of English and Finnish pines suggests 
that inherent photoperiodic reactions vary from one population to another 
within a tree species, depending on the photoclimate of the normal growing 
season in the original environment of each population. In other words, 
within a tree species there are photoperiodic ecotypes which, in general, are 
different in different latitudes. The existence of this kind of ecotype is a 
commonly accepted idea among forest geneticists, but so far little evidence 
has been published to support it. 


1 Manuscript received January 6, 1954. 


Contribution No. 126, Division of Forest Biology, Science Service, Department of Agri- 
culture, Ottawa, Canada. 


2 Associate Biologist, Forest Pathology Laboratory, Saskatoon, Saskatchewan. 
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To confirm this theory of photoperiodic ecotypes of trees, photoperiodic 
reactions of tree races of latitudinally different origins should be determined. 
All conditions except photoperiods should be the same and should be near 
optimum. The test trees should be such that their reactions to temperature 
will not differ much. The ideal origins of these test trees could be Northern 
and Southern Finland, and part of Sweden, for the following reasons: (a) In 
Northern Finland, which extends to the Arctic area where there is continuous 
day in midsummer, the photoperiods of a normal growing season are extremely 
long; the photoperiods before and after this are relatively short. Thus the 
photoperiods there, perhaps better than anywhere else, have an opportunity 
to serve the plants as controllers of dormancy. (6) In Southern Finland, the 
photoperiods vary similarly, but during growing seasons are considerably 
shorter than in Northern Finland. (c) The general climates of these two 
places differ little except during winter and in the duration of the warm 
growing season, which is short in Northern Finland. The general similarity 
of the climates is partly due to the lack of high mountains and partly to the 
modifying influence of the prevailing westerly winds from the Gulf Stream 
area in the Atlantic Ocean. (d) In Finland, even in the far north, many 
important tree species grow well. 

A study by Sylven (10) gives support to the theory of photoperiodic ecotypes 
in Populus tremula L. Seedlings of this species obtained by crossing parental 
trees from different parts of Sweden reacted differently to the natural and 
12-hr. photoperiods, depending on the photoclimate at the origin of the 
parents. Also, in Grehn’s (2) hybridizing experiments, a Swedish race of 
aspen seemed to be adapted to longer photoperiods than a German race. He 
also showed that the photoperiodic reaction of these aspens is heritable accord- 
ing to Mendelian laws. 

Both North and South Finnish seeds of Pinus sylvestris and Alnus incana 
were available when the photoperiodic sensitivities of several Finnish tree 
species were studied by the author. Certain responses of the one-year-old 
seedlings to 24-hr. and 10-hr. photoperiods were determined in order to find 
possible support for the theory of photoperiodic ecotypes in those species.* 


Methods 


Pine seed was collected from several trees at Tuusula (north of Helsinki) 
and near Oulu. At both localities the seed trees resembled each other 
morphologically. The northern pines were of the true species of P. sylvestris, 
not of the Lapland variety, P. sylvestris var. lapponica Hart. Alder seed was 
collected from several trees at Tuusula and near Kemijarvi. The climate of 
these localities is illustrated by the following data:** 

P *A more extensive study was planned but it was terminated by the author's emigration to 
an 


** Based on long-term average records of the Meteorological Institute of Finland in various 
publications; temperatures apply to the corrected air temperatures at a height of approximately 
6 ft. above the ground. 
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Days Frosty Summer Winter Yearly | Maximum 
North lat.| over | nightsin |maximum,| minimum, | precipita- | photo- 
July tion, cm. | period, hr. 
Kemijarvi 66° 45’ 168 0.1 28 -— 42 46 24 
Oulu 65° 192 0.1 28 — 35 54 23 
Tuusula 60° 30’ 225 0 29 — 30 63 19 


Uniform methods of extraction and cleaning of all seed lots took place in 
the laboratory. Seed was planted in pots filled with a silt mixture of 
Sphagnum-peat and forest humus inoculum from the Myrtillus type. This 
soil remained porous and was well buffered against the possible effect on pH 
of the tap water which was used to keep the soil moist. Mycorrhiza developed 
on all pine seedlings and root nodules on large alder seedlings. No damping- 
off or other diseases occurred. 

The pots were kept at windows in two laboratory rooms at the same 
temperature but under two different photoperiods. The positions of the pots 
were changed periodically ineach room. The seedlings in both rooms received 
the same amount (maximum intensity 7000 foot-candles) of the direct sun 
radiation, viz. that passing through windows from morning to afternoon. In 
the evening black curtains covered the windows in one room where the photo- 
period thus remained at 10 hr. per day. In the other room the seedlings 
received indirect weak light (maximum 800 ft-c.) in the evening; at night 
they were exposed to illumination from fluorescent tubes of daylight type, 
which provided low intensity light (only 50 ft-c.), but sufficient to cause the 
photoperiodic reaction. Consequently, in these rooms the amounts of radia- 
tion were about the same, but the photoperiods were quite different (10 hr. 
and 24 hr. per day). 

Immediately after most of the seeds had germinated, the seedlings were 
thinned at random. A few seedlings which developed abnormally or resulted 
from belated germination were also removed. For each treatment 11 to 13 
alders and 15 to 17 pines of each origin were left to grow. 


Results 


The growth of seedlings of both North and South Finnish origin was luxurious 
under continuous illumination and poor under 10-hr. photoperiods which 
caused an early cessation of growth. The extension growth of stem and 
leaves was checked by the short photoperiod. Northern alder, in particular, 
reacted very clearly to the photoperiods (Fig. 1). 


After 135 days (pine) and 180 days (alder), the experiment was ended and 
the seedlings were weighed. Table I shows the results. 
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PLATE | 


N10 N24 S10 S24 


FiG. 1. Responses of northern (NV) and southern (S) races of Alnus incana to a 10-hr. 
photoperiod (10) and to continuous illumination (24). (Laboratory experiments in 
Helsinki, Finland, 1951, at 20° to 32° C.). 
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TABLE I 


GROWTH OF NORTHERN (NV) AND SOUTHERN (S) TREES UNDER LONG (24) AND sHORT (10) 
PHOTOPERIODS. (DRY WEIGHT OF SEEDLINGS GROWN DURING THE SUMMER OF 1951 
IN LABORATORY. MINIMUM AND MAXIMUM TEMPERATURE, 20° AND 32°C.) 


Mean weight and standard error, mgm. 


Species Origin 
24 hr, 10 hr. Diff. (24-10)! 
Pinus sylvestris N 48.5 + 1.6 30.8 $1.3] + 17.7 + 2.1% 
S 34.142.0| + 7.0 + 2.6%* 


Diff. (NV-S) + 7.4 + — 3.3 + 2.44 + 10.7 + 3.3” 


Alnus incana N 63.0? 4.8+0.3} + 58.22 
21.5 + 3.4 8.141.5| + 13.4 + 3.7** 
Diff. (N-S) + 42.52 — 3.341.5*| + 45.8 


1 Probability of difference: ** > 99%, * > 90%, + < 90%. 
2 Because of abnormal dispersion due to crowding in the treatment 24-N, the standard error 
was not calculated. 


Under continuous illumination the northern seedlings evidently grew better 
than the southern ones. The short photoperiod, on the other hand, reduced 
the growth of northern seedlings more than it did that of southern seedlings. 

The northern seedlings of P. sylvestris and A. incana thus seemed to be 
better adapted to the continuous light which occurs at or near their place of 
origin during midsummer. The southern seedlings, on the other hand, did 
not seem to be adapted to derive the full benefit of continuous light which 
never occurs naturally at their original site. Accordingly, the unnaturally 
short photoperiods might be considered more harmful to the northern seedlings 
than to the southern seedlings. This was actually the case in the experiment. 

Continuous illumination as compared to a 10-hr. photoperiod produced 
significantly larger seedlings, even in those of the southern origin. The 
superiority of the 24-hr. photoperiod was, however, more pronounced in the 
case of the northern origin. These relatively greater reactions of northern 
seedlings were evident, although in A. incana the standard error of the differ- 
ence between means could not be used to prove statistical significance. The 
dispersion of weights of northern alder seedlings under continuous illumination 
was abnormal, because only a part of the seedlings were able fully to derive 
benefit from the light conditions owing to the luxurious growth and hence the 
intense competition. The pot was not large enough to allow free development 
of all these seedlings. A few seedlings grew very large and dominated the 
others in this pot (Fig. 1). In the other pots there was no crowding and the 
weight distributions were normal, being perhaps mainly caused by the inherent 
variations in the populations. 
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The differences in alder seedlings due to the origins and photoperiods are 
better illustrated by the sizes of the largest seedlings in Fig. 1 than by the 
statistics in Table I. The large seedlings were little affected by crowding. 

Pine was also grown in a third room where the natural photoperiod prevailed. 
This varied from 13 to 19 hr., thus being always intermediate to 10 to 24 hr. 
The growth also was intermediate. Pines of southern origin attained a dry 
weight (35.9 + 1.4 mgm.) insignificantly higher than of northern origin 
(34.4 + 2.1 mgm.). 

The various effects of photoperiods other than weight were not studied in 
detail, except in the needle numbers of pines. The results shown in Table II 
indicate the same reactions as indicated by weight. 


TABLE II 


NUMBER OF NEEDLES DEVELOPED ON NORTHERN (NV) AND SOUTHERN (S) PINES (P. sylvestris) 
UNDER LONG (24) AND SHORT (10) PHOTOPERIODS (SAME EXPERIMENT AS IN TABLE I) 


Mean and standard error 
Origin 
24 hr. 10 hr. Diff. (24—10)! 
N 31.8 + 0.8 22.3 + + 9.5 + 0.8** 
Ss 30.8 + 0.8 24.9+0.8 +5.9+1.1™* 
Diff. (V—S) + 1.0 +1.1f — 2.6 +0.8** + 3.6 + 1.4* 


1 Probability of difference: ** > 99%, * > 90%, t < 90%. 


A similar experiment to that with pine was attempted also with South 
Finnish spruce, Picea abies (L.) Karst., and its northern (from Oulu) parallel 
form which has more rounded cone scales and which is sometimes considered 
to be P. obovata fennica (Reg.) Henry. However, the germination was poor 
and slow, producing insufficient numbers of seedlings of the same stage. 
Those parts of the experiment where data are sufficient support the conclusions 
stated above. The results expressed as dry weight (mgm.) are as follows: 


24 hr. 10 hr. Diff. (24—10)! 
Northern spruce 33.9 + 1.4 (15.4)? (+ 18.5) 
Southern spruce 29.9 + 1.5 12.9 + 0.6 + 17.0 + 1.6** 
Diff. (N—S) + 4.0 + 2.0* (+ 2.5) (+ 1.5) 


1 Probability of difference: ** > 99%, * > 90%. 
2 Poor germination. 
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These results confirm the earlier finding (11) that Picea abies reacts very 
clearly to photoperiods. Under short photoperiods, the cotyledons were the 
only needles that attained normal length. 

The earlier results (11) showed roughly the same reactions for southern 
pine and spruce as the present ones. An exact comparison, however, is not 
possible owing to the differences in seed sources and experimental conditions. 

The number of seedlings in the experiments described above represent a 
very small proportion of the vast tree population. Though randomly sampled 
from cross-pollinating populations, the studied seedlings can hardly indicate 
the exact behavior of the whole tree population of any large geographic area. 
On the other hand, those seedlings studied had significantly different photo- 
periodic properties depending on the latitude of the seed source. These 
properties were of the same type among two, possibly three, species. 
Altogether, the results are considered as preliminary evidence of the existence 
of photoperiodic ecotypes within the studied tree species, giving thus additional 
support to the theory of such ecotypes. 

In similar experiments with only South Finnish seed, the following species 
also reacted typically and sensitively to photoperiods: Larix sibirica Led., 
Populus tremula, Betula verrucosa Ehrh., B. pubescens Ehrh., and Alnus 
glutinosa Gaertn. Thus all Finnish tree species of economic importance 
indicated photoperiodic sensitivity. 


Discussion 


The fast growth of the seedlings of northern Picea abies, Pinus sylvestris, 
and Alnus incana under continuous illumination was somewhat surprising, 
considering the results of comparative provenance trials of various tree species 
(3,10). In general, trees of northern sources have grown poorly in trials in 
outdoor plantings. Northern trees have been transferred far south of their 
origin where they persist but grow abnormally. On the other hand, trees 
cannot generally be transferred very far north of their origin, since abnormally 
long photoperiods prevent the proper dormancy of seedlings and indirectly 
cause their death by autumn (5, 7, 8,10). Most comparisons are actually 
made in environments disadvantageous to northern populations because of 
abnormally short photoperiods. This fact gives support to the fallacy that 
northern trees necessarily grow poorly. The present study suggests that 
these grow poorly only because of the wrong environment. That is, they are 
tested in a photoclimate to which they have not been adapted. But under 
photoperiods which are long enough they seem to be able to take full advantage 
of the possibilities of the environment to which they have adapted themselves 
during their evolution. The growth made by trees on original sites in 
different climates are, of course, not comparable because of the differences 
in length of warm growing season and other climatic factors, e.g. severity 
of winters. 

The results of this study agree with those of Sylven (10) only in so far as 
the short photoperiods checked very clearly the growth of northern seedlings. 
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Under long-day conditions, the aspen populations studied by him were not 
superior to the southern ones. His experiment is not, however, fully com- 
parable with the present one in which additional light was used. The long 
photoperiods in his experiment were the natural day-length (in North Sweden) 
which became shorter toward the end of the growing season. 

Sylven (10) calls northern aspen races, ‘‘long-day”’ types because long days 
are required for their normal growth. This practice may, however, be ques- 
tionable since the original meaning of long-day type refers to the herbaceous 
plants requiring long days for flowering and actually showing little vegetative 
growth under long-day treatments. 

The physiological reactions of trees to photoperiods are not yet known. 
Besides the growth, which was the main object of the present study, the onset 
and breakage of dormancy are also important reactions in trees which are 
controlled by photoperiods (2,9, 12,13). In an indirect way photoperiodic 
responses enable the tree to utilize the warmth of summer and to protect itself 
from the cold of winter. Generally speaking, there is close relation between 
the photoperiodic conditions and the length of warm season. However, there 
are exceptions to this rule, especially in mountainous regions. Thus it is 
understandable that trees growing in the same photoclimate but in different 
thermoclimates react differently to photoperiods. Karschon (4) actually 
found that pines from the Alps seem to have different photoperiodic reactions 
depending on the elevation of the seed sources. 

The indirect adaptation of trees to the temperature conditions by means of 
photoperiodism offers a special advantage to the trees. The natural selection 
in a tree population may not take place under the control of the temporarily 
variable thermoclimate so much as under a more general and stable factor, 
the photoperiod. Otherwise, a warm climatic period would unduly favor the 
establishment of cold-sensitive ecotypes which would succumb later when, 
during the long life of trees, a colder year or period occurs. However, the 
way in which the photoperiods affect the tree is still poorly understood (13) 
and it may be modified by temperature (9). There is also evidence that 
certain species, e.g. Acer platanoides L., do not respond markedly to photo- 
periods (12). Perhaps there are also tree individuals of the same population 
with different sensitiveness to photoperiods. This possibility is suggested by 
some obervations in Vaartaja’s experiments with P. sylvestris and Picea abies 
(11). The seedling individuals of large samples broke their dormancy at 
very different times when kept in warm rooms, although the mean difference 
between the short and long photoperiod treatments was clear. 

Experimental evidence about the photoperiodic ecotypes of trees so far 
concerns only small seedlings and mainly their morphology, growth habit, 
and dormancy. Langlet (6) found that the dry substance and sugar content 
of needles of P. sylvestris seedlings in winter varies, depending mostly on the 
latitude of the provenance. He considers these properties and winter hardi- 
ness to vary as a heritable adaptation of pine ecotypes. Karschon’s (4) 
experiments suggest that there are also differences in drought resistance among 
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Swiss P. sylvestris seedlings with various photoperiodic reactions. Because 
the photoperiodic responses so far studied in larger trees agree with those in 
seedlings (1,5, 7,8) there are no reasons to consider the evidence concerning 
photoperiodic ecotypes to be limited to seedlings only. 

The importance of photoperiodism in forest genetics needs no emphasis. 
The existence of photoperiodic reactions should be taken into consideration 
in all research where trees are grown. 
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TAXONOMY, PHYLOGENY, HOST RELATIONSHIP, AND 
PHYTOGEOGRAPHY OF THE MICROCYCLIC 
RUSTS OF SAXIFRAGACEAE! 


By D. B. O. SAvILE? 


Abstract 


The microcyclic species of Puccinia on Saxifragaceae are revised in the light 
of abundant recent collections. Recombinations or new varieties include: 
P. asiatica var. tiarellae, P. heucherae var. chrysosplenii, P. h. var. austrober- 
ingiana, P. h. var. saxifragae, P. h. var. lithophragmae, P. pazschkei var. heterisiae, 
P. p. var. tricuspidatae, P. p. var. huteri, P. p. var. jueliana, P. p. var. oppositi- 
foliae. The basic species appears to be P. tottoriensis, whence three evolutionary 
lines have given rise to: (i) P. asiatica, P. saxifragae-ciliatae, and P. laurentiana; 
(ii) P. heucherae and P. passchkei; (iii) P. fischeri and P. joerstadii. The 
complex originated in, probably, eastern Asia. P. heucherae vars. developed 
in Cordilleran North America concurrently with the development of Saxi- 
fragaceae in that region. Some varieties of P. heucherae occur on several host 
genera, providing clues to the comparative ages of species in these genera. 
Since the varieties of P. heucherae and P. pazschkei can be arranged in an 
evolutionary sequence, clues are available as to the relative ages of various 
sections of Saxifraga. 


Introduction 


Recent botanical investigations in northern Canada and Alaska, and 
latterly in British Columbia, have yielded a wealth of specimens of the 
microcyclic species of Puccinia that attack Saxifragaceae sensu stricto 
(Saxifragoideae of Engler (4) ). In addition to specimens already in the 
mycological herbarium of this Division and in the Arthur Herbarium, 
important material has been acquired by the scrutiny of phanerogamic 
specimens. All bulk collections made by members of the Division or donated 
by others for several years have been scrutinized before the duplicates were 
distributed, and the phanerogamic herbaria of the Division and of the National 
Museum of Canada have been searched. 

The material available from Europe and Asia is far from complete. Almost 
all pertinent species have been seen, but a longer series of collections and a 
greater number of host species would have been desirable and might have 
helped to elucidate the phylogeny. For the well-represented North American 
taxa, relationships and approximate evolutionary sequences are reasonably 
clear. The desirability of considering the group as a unit is apparent, although 
the paucity of material from central Asia, where whole sections of Saxifraga 
occur that are almost unrepresented elsewhere, is regrettable. 


1 Manuscript received January 6, 1954. 


Contribution No. 1347 from the Botany and Plant Pathology Division, Science Service, 
Department of Agriculture, Ottawa, Canada. 


2 Senior Mycologist. 
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Except for Puccinia laurentiana, for which adequate drawings and descrip- 
tions are available, only one species has not been seen. This is P. saxifragae- 
micranthae Barclay (J. Asiatic Soc. Bengal, 60:218. 1891) on Saxifraga 
pallida Wahl. (S. micrantha Edgw.), a small-spored species, somewhat in- 
adequately described and apparently known only from the type collection. 
The writer has been unable to learn the disposition of Barclay’s collections, 
and it is possible that they are no longer in existence. 

The species and varieties will be taken up in approximately phylogenetic 
sequence, to the extent that this is possible in a linear arrangement. Phylogeny, 
host relationship, and phytogeography will be discussed in later sections. 

As with so many groups of parasitic fungi, an adequate understanding is 
impossible unless the host plants are reliably determined. When large-leaved 
plants are concerned the specimen may consist of one or two leaves, or even 
part of a leaf. From such a specimen it may be clear that the plant is not 
what the label states it to be, but to determine what it actually is may be 
impossible. In a number of available specimens of Puccinia heucherae (s. 1.) 
the hosts have proved to differ in species or even in genus from what they 
purported to be. This confusion is suspected of having influenced Arthur (1) 
in his decision to unite this complex on the grounds that the walls varied 
haphazardly from smooth to striate. In the varieties of P. heucherae, as here 
treated, one may find sori of two types, pulvinate and pulverulent, the former 
chiefly in the more primitive’ varieties. The spores in the pulvinate sori have 
weakly persistent pedicels; the spore wall may be slightly paler and thinner 
than in the spores with deciduous pedicels; and the wall striations, if any, 
tend to be somewhat fainter although they occur at the normal spacing; but 
the type of spore produced on a given host is almost always constant, at’ least 
in a given region. The data available up to 1952 strongly supported this 
observation, indicating that the segregates recognized by the writer were 
valid varieties. Mr. J. A. Calder and the writer took pains to secure long 
series of Saxifragaceae and their rusts in southern British Columbia in 1953. 
The nearly fifty resulting rust collections have largely confirmed previous 
conclusions, although they have introduced interesting complications, which 
will be discussed under phytogeography. 

In the following descriptions spore wall thicknesses are exclusive of warts 
and ridges, and are measured at a distance from germ-pores, septa, or the 
spore apex where slight to substantial thickening generally occurs. Depression 
of germ-pores is expressed as a fraction of the length of the cells in which they 
occur. The description of pedicels as deciduous means that in most spores 
the pedicels break off cleanly a few micra below the base of the spore, as is 
general in the more advanced species of Puccinia and Uromyces. 


The major synonymy is given with each species or variety in so far as the 
precise meaning of specific epithets could be determined. Combinations 
under generic names other than Puccinia are generally omitted. In addition 
to the usual abbreviations for states and provinces, Frank., Mack., and Keew. 
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are employed for the districts of Franklin, Mackenzie, and Keewatin of the 
Northwest Territories. Abbreviations of herbaria are those given in Index 
Herbariorum. Space prohibits the detailed citation of all the more than 230 
specimens, but most exsiccati are cited, together with specimens whose host 
was misdetermined and others that give great range extension or are otherwise 
significant. 

Pycnia are lacking in all the species treated. Accordingly no mention is 
made of them in the individual descriptions. All descriptions are based on 
spores cleared by heating in lactophenol. 


Taxonomy 


It will be seen from the key that two main complexes occur in this group of 
rusts, Puccinia heucherae and P. pazschkei, for each of which several varieties 
have been recognized. As already mentioned, Arthur (1) brought all the 
former group together as P. heucherae without recognizing any varietal 
distinctions. This treatment was in sharp contrast to the earlier one of 
Arthur and Jackson (3), and from that of Sydow and Sydow (18) in which 
essentially similar rusts were considered distinct species largely on the basis 
of the plants on which they occurred. The extremes of this series are easily 
distinguished, but the intermediate forms make their recognition as species 
inadvisable. However, the morphological constancy that is normally found 
on a given host indicates that the distinctions are real and that the varieties 
may validly be recognized. 

Puccinia pazschkei presents an even more difficult problem, largely because 
the decorations of the spore walls do not always stand up steeply, but are 
shallowly sloping, with the result that the patterns are difficult to discern. 
The part of the key that deals with these varieties may not prove simple to 
use, because the varieties are set off by combinations of a few small differences 
rather than individual large ones. The difficulty experienced in preparing a 
usable key emphasizes the close relationship between these taxa. Some of 
these varieties were described as species, and certain of them appear adequately 
distinct if the whole series has not been seen. Thus the writer quite recently 
distributed specimens of the rust on Saxifraga tricuspidata as P. saxifragae- 
tricuspidatae, because it was reasonably distinct from the rust on S. oppositi- 
folia, which was assumed to be representative of P. pazschkei; but examination 
of P. pazschket on S. aizoon and related hosts shows this taxon to be inter- 
mediate, with enough variability to bridge the gap between these other rusts 
almost completely. 

Several of the distinctions discussed below were noted by J@rstad (8). The 
longer series of specimens now available indicates their constancy and makes 
their recognition as varieties desirable. It might be possible to make a further 
split within what is here treated as P. heucherae var. saxifragae. As Jérstad 
pointed out, the average spore length may vary slightly between some hosts, 
but the variability of this character is so great on a single host that it is 
difficult to use. 
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Key TO SPECIES AND VARIETIES 
1. Teliospore pedicels always persistent 
2. Pedicels very strong; spores not easily teased out of sorus without break- 


2. Pedicels thin-walled; spores easily teased out of sorus 


3. Spores 9.5-14u wide 


4. Spore wall drawn out at apex into beak 10-16.5u long. . P. asiatica var. asiatica 


4. Spore wall rounded at apex or drawn out into beak up to 
1. Teliospore pedicels deciduous or at most delicate and irregularly persistent 
5. Spore wall smooth, or at most with a few faint longitudinal striae 
6. Germ-pore of lower cell at or near septum 


7. Spore walls 2.5-3.0u thick; spores 18-23 wide; pedicels delicate but seldom 


7. Spore walls 1.0-2.0yu thick; spores 11-20(-23)u wide; pedicels frequently 
deciduous 


8. Spore walls light yellow-brown to pinkish brown, usually with conspicuous 
thickening at junction of septum with outer wall 


8. Spore walls light to dark yellow-brown, without conspicuous thickening at 

6. Gerar-pore of lower cell P. fischeri 


5. Spore walls finely to strongly striate, rugose, or verrucose 
9. Walls longitudinally striate at ca. 1.2-2.2u spacing 
10. Striae delicate, just visible in liquid mount. ..P. heucherae var. austroberingiana 
10. Striae distinct, straight, and uniform............. P. heucherae var. saxifragae 
10. Striae often sinuous and somewhat serrate..... P. heucherae var. lithophragmae 
9. Walls finely verrucose; pore of lower cell } depressed to basal........ P. joerstadit 
9. Walls irregularly rugose; pore of lower cell septal to } depressed 


11. Spores to 25(—27)u wide; walls strongly rugose, with warts and ridges often 
to ca. 1.0 high 


12. Pore of lower cell at septum, with very small 


12. Pore of lower cell often depressed, with very : ; 


11. Spores not over 22u wide; walls finely to moderately rugose 
13. Papilla of upper pore often more than 4.0y high 
14.. Spores 29-46p long... . P.. pazschkei var. jueliana 
13. Papilla of upper pore 0.5-3.5y high 
15. Warts and ridges to 0.8u high near apex of spore; pore of lower cell 
sometimes depressed..............+-.55- P. pazschkei var. pazschkei 


15. Warts and ridges not over 0.54 high at apex of spore; pore of lower 
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PUCCINIA TOTTORIENSIS Hirats. f., J. Jap. Bot. 10:221. 1934. 

Teliospores (30—-)34-51.5 & 9.5-13(-14)y, not or very slightly constricted 
at septum. Wall 0.5-1.0y thick, subhyaline to pale yellow-brown, smooth; 
apex 2.0-9.5y thick, rounded, or broadly conic. Germ-pores apical and at 
septum, without distinct papillae. Pedicel hyaline, thick-walled, persistent. 
The pedicels have walls as thick as the spores and the sori are firmly com- 
pacted; consequeatly many spores are broken in teasing them out to prepare 
a mount. 

On Mitella, Japan. 

Specimens examined: Mitella japonica Maxim., Japan (Prov. Bungo, 26 May 
1935, E. Tobinaga). M. kiusiana Mak., Japan (Prov. Chikugen, 27 Oct. 
1956, E. Tobinaga). M. stylosa Boiss., Japan (Prov. Inaba, 29 Apr. 
1929, type; and 21 Mar. 1930, Naohide Hiratsuka).. All DAOM ex Herb. 
Hiratsuka. 


PuccINIA ASIATICA (Kom.) Syd., Monogr. Ured. 1: 499. 1904, var. ASIATICA 
Puccinia heucherae (Schw.) Diet. var. asiatica Kom., J.K.T.  F. Ross. 
Exs. 163. 1898. 

Teliospores 36-60(—66) &K 9.5—13(—14.5), not or very slightly constricted 
at septum. Wail 0.8-1.5y thick, light yellow-brown, smooth; apex pro- 
longed into a beak 10-16.5(-19.5)u long. Germ-pores apical and at septum, 
without distinct papillae. Pedicel hyaline, delicate but persistent. Spores 
must be teased from sorus. 

On Mitella nuda, eastern Siberia. 


Specimens examined: Mitella nuda L., Siberia (Mt. Burejens, Amur R., 
June-Aug. 1895, J.K.T. F. Ross. Exs. 163, type; and June 1895, PUR F 
6222). These collections are essentially the same. In both packets 
P. heucherae is also present, but easily distinguished because the spores detach 
at the lightest touch. 


PuccINiIA ASIATICA (Kom.) Syd. var. tiarellae var. nov. 

A varietate typica differt teliosporis brevioribus, 30-55 long., apice 
4.7-8.5(-10.0) crass. 

On Tiarella polyphylla, Japan. 

Specimens examined: Tiarella polyphylla D. Don, Japan (Nopporo, Prov. 
Ishikari, 23 July 1925, Naohide Hiratsuka, DAOM 33240, typE; DAOM 
33241 and 33242, PUR F6223 and F6224, all Prov. Ishikari). All ex Herb. 
Hiratsuka. 

This rust was issued by Dr. Hiratsuka as P. asiatica, with which it is clearly 
allied. The uniformly shorter apical beaks, correlated with the different host, 
justify its separation as a variety. 
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PUCCINIA SAXIFRAGAE-CILIATAE Barclay, Scient. Mem. Med. Offic. Army of 
India, 4 : 234. 1889. 

Teliospores 45-71.5(-76) XK 14-20y, slightly to moderately constricted at 
septum. Wall 1.2-—2.2y thick, yellow-brown, smooth; apex prolonged into 
a beak 6.5-14(-15.5) long. Germ-pores apical and at septum, indistinct, 
without definite papillae. Pedicel light yellow, firm, often in fascicles of 
about four from a basal cell. 

On Bergenia, Himalayan region. 

Specimens examined: Bergenia ligulata (Wall.) Engler var. cilita (Royle) 
Engler (Saxifraga ciliata Royle), India (Mussoorie and Alwas); Pakistan 
(Murree Hills); Kashmir (Jhelum Valley); all PUR B. stracheyi (Hook. f. 
& Thoms.) Engler, India (Baghi, DAOM ex DD). 

Type not seen but these specimens agree well with the description and 
B. ligulata var. ciliata is the type host. Apparently related to P. asiatica 
but with substantially larger spores. 


PuccINIA LAURENTIANA Trel., Harriman Alaska Exp. Crypt. 38. 1904. 


Not seen. The following description is compiled from published descrip- 
tions and from notes and drawings by Dr. Geo. B. Cummins deposited in the 
Arthur Herbarium. Teliospores 40-50 X 18-23, slightly to moderately 
constricted at septum. Wall 2.5-3.0y thick, cinnamon brown to chestnut, 
6.0-10.0u at subhyaline apex. Germ-pores apical and at septum. Pedicel 
hyaline, delicate, but not abscissing clearly. 

Known only from the type collection on Saxifraga nudicaulis D. Don, from 
St. Lawrence I., Bering Sea, Alaska, 15 Aug. 1891. J. M. Macoun. What 
is evidently the collection from which this rust was taken is in the National 
Museum of Canada as No. 20,088 Herb. Geol. Survey Dept. This sheet 
actually consists of two collections, totalling six plants, from St. Lawrence I., 
Alaska, 15 Aug. 1891, and from Plover Bay, Siberia, 16 Aug. 1891. All 
plants are healthy. The original label reads S. punctata L. var. nana; under 
which was written S. neglecta Bray var. stolonifera Kjellem, var. congesta 
Kjellem. The sheet was revised in 1938 by A. E. Porsild to S. nudicaulis. 


PUCCINIA HEUCHERAE (Schw.) Diet. var. chrysosplenii (Grev. apud Berk. 
in Smith) comb. nov. 
Puccinia chrysosplenti Grev. apud Berk. in Smith, Engl. Fl. 5 : 367. 1836. 
Puccinia chrysosplenii Grev. {. persistens Diet., Ber. Deutsch. Bot. Ges. 
9:36. 1891. 
Puccinia chrysosplenii Grev. f{. fragilipes Diet., Ber. Deutsch. Bot. Ges. 
9:36. 1891. 

Teliospores 23.5-39.5(-45) X 11-19, not or very slightly constricted at 
septum. Wall 0.9-1.8y, light yellow-brown to pinkish brown, usually with 
a definite annular thickening in the angle between the outer wall and the 
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septum. Germ-pores apical to slightly depressed, with pale hemispheric 
papilla 2.0-4.5u4 high; and at septum, with very small papilla. Pedicel 
hyaline, deciduous to weakly persistent. 

On Chrysosplenium, Eurasia. 

Specimens examined: Chrysosplenium flagilliferum Fr. Schm., Japan (Prov. 
Ishikari); C. sphaerospermum Maxim., Japan (Prov. Buzen). Both DAOM 
ex Herb. Hiratsuka. 

In both these specimens deciduous and persistent pedicels occur on the 
same leaf, and there is even considerable variation in a single sorus. J¢rstad 
(10) noted the constant association of pulvinate and pulverulent sori in 
Norway. The two intergrading conditions seem to be only developmental 
phases, and the maintenance of Dietel’s forms, based on the pedicel type, 
seems to be unwarranted. Tranzschel (19) recorded Puccinia pallido- 
maculata Ell. & Ev. (P. heucherae var. heucherae) as well as P. chrysosplenti 
on Chrysosplenium, but his distinction is based on minor differences in spore 
shape and he probably had merely the two phases of the present rust. 


PUCCINIA HEUCHERAE (Schw.) Diet., Ber. Deutsch. Bot. Ges. 9:42. 1891, 
var. HEUCHERAE. 

Uredo heucherae Schw., Schr. Nat. Ges. Leipzig, 1:71. 1822. 

Puccinia tiarellae Berk. & Curt., Grevillea, 3:53. 1874. 

Puccinia spreta Peck, Ann. Rept. N.Y. State Mus. 29:67. 1878. 

Puccinia congregata Ell. & Hark., Bull. Calif. Acad. 1:26. 1884. 

Puccinia pallido-maculata Ell. & Ev., Holw. N. Am. Ured. 1:49. 1906. 

Teliospores (22—)24—48(-—54.5) 11-20(—23)u, not or slightly constricted 
at septum. Wall (0.7—)1.0-2.0y thick, yellow-brown, smooth or occasion- 
ally with a few faint longitudinal striate ridges at 3-5u or more spacing. 
Germ-pores apical, with pale, nearly hemispheric papilla 1.5-6.0(-8.0)u 
high; and septal (to very slightly depressed), with smaller papilla. Pedicel 
hyaline (to pale yellow), deciduous, or occasionally weakly persistent. 

On Mitella, Tiarella, Tolmiea, Heuchera, and Saxifraga, North America 
and eastern Asia. 

Specimens examined: Heuchera americana L., N.C. (Salem, Schweinitz, 
? type, in Michener Herbarium). H. cylindrica Dougl. apud Hook. var. 
glabella (T. & G.) Wheelock, B.C. (between Monashee and Selkirk Mts., 
seven collections). H. glabra Willd., Alaska (four collections); B.C. (four 
collections). H. hallii A. Gray, Colo. (Barth. N.A. Ured. 40). H. micrantha 
Dougl. ex Lindl. vars., B.C.; Ore.; Calif. (incl. F. Col. 345). H. ovalifolia 
Nutt. apud T. & G., B.C. (Salmon Arm only; see also under P. heucherae 
var. saxifragae). H. villosa Michx., Va.; N.C. H. spp. indet., Wash. 
(Barth. N.A. Ured. 849 as Tellima grandiflora); Ida. (C. H. Kauffman, 
DAOM ex MICH, as Saxifraga subapetala). Mitella diphylla L., N.Y. (F. 
Columb. 1763). M. nuda L., B.C.; Mack.; Alta.; Sask.; Man.; Ont.; Que. 
(north to Great Whale River); Nfld. (22 collections in all); eastern Siberia 
(Amur R., two collections mixed with P. asiatica var. asiatica). M. ovalis 
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Greene, B.C. Tiarella cordifolia L., Ont.; N.Y.; Vt. T. trifoliata L., Wash. 
(F. Columb. 4462). 7. unifoliata Hook., B.C. (six collections); Wash. 
(Barth. N.A. Ured. 745). Tolmiea menziesii (Pursh) T. & G., B.C.; Ore.; 
Calif. (Cal. Fungi 529). Saxifraga japonica Boiss., Japan (Prov. Ishikari, 
two collections). S. /yallii Engler, B.C. (two collections); Alta. (Barth. 
N.A. Ured. 1562). S. punctata L., Wash.; Utah (three collections including 
Syd. Ured. 1933); Colo. (Ell. & Ev. N.A. Fungi 2nd ser. 2234, type of 
P. pallido—maculata). 

The last two hosts listed provide two of the three examples known to the 
writer of a single plant taking two varieties of P. heucherae. In Alaska 
Saxifraga lyallii takes the next variety; but there is no discernible difference 
between the Alaskan plant and that from B.C. (Mt. Revelstoke, and Paradise 
Mine near Windermere) and Alta. (Laggan, now Lake Louise). Hultén (7) 
breaks the S. punctata complex into several subspecies, but the variation does 
not correlate fully with geographic distribution and, pending re-examination 
of the problem, the writer prefers not to split the group for the present. It 
should be noted that, with the exception of one from Idaho, all the S. punctata 
specimens cited in the next variety are more northern than those in var. 
heucherae. 

As indicated by Arthur and Bisby (2) Puccinia heucherae was taken by 
Schweinitz at Salem, N.C., on Heuchera americana. A slide from the specimen 
on this host in the Michener Herbarium, which may logically be regarded as 
the type, yields spores typical of this variety. Schweinitz also recorded the 
rust on /. villosa but does not seem to have taken a specimen. Specimens in 
this Division from Va. and N.C., recorded as on H. sp. but definitely on 
H. villosa, are precisely the same rust. 


PUCCINIA HEUCHERAE (Schw.) Diet. var. austroberingiana var. nov. 

Teliosporae (22—)25-48(—51) X 11-20y, septo non vel leniter constrictae. 
Paries 0.8—2.0(—2.5)y crass., luteo-brunneus, subtiliter longitudine striatus 
intervallis 1.3-2.2u lat. Pori germinativi apicales, papillis subhyalinis 
hemisphericis 2.0—5.0y alt. tectis; et ad vel prope septum, papillis minoribus 
tectis. Pedicellus hyalinus, deciduus. 

On Mitella, Elmera, Tellima, and Saxifraga, northeastern Asia and north- 
western North America. 

Specimens examined: Mitella breweri Gray, B.C. (Barth. N.A. Ured. 1553); 
Wash. (Barth. N.A. Ured. 640, 1449, F. Columb. 4965). M. pentandra Hook., 
Alaska; B.C.; Wash. (Barth. N.A. Ured. 1554); Calif. (Mycob. of N. Am. 
270); Utah (F. Columb. 2359). M. trifida Graham, B.C. (three collections). 
Elmera racemosa (Wats.) Rydb. Wash. (Chelan Co., A. R. Kruckeberg 2666, 
DAOM ex DAO). Tellima grandiflora (Pursh) Dougl., B.C. (Barth. N.A. 
Ured. 1450 in DAOM, type; and near Nelson); Wash. (F. Columb. 3171). 
Saxifraga fusca Maxim. vars., Japan (five collections, DAOM ex Herb. 
Hiratsuka). S. /yallii Engler, Alaska (two collections). S. mertensiana 
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Bong., Wash. (Barth. N.A. Ured. 1457). S. punctata sspp., Alaska (St. 
Paul I., Snowbank); Yukon (near Dawson, Carcross); B.C. (three collec- 
tions, all southern); Ida. (Teton Co., PUR 39114); Keew. (Yathkyed L., 
A. E. Porsild 5823). S. fortunei Hook. f. var., Japan. 

In the B.C. and Ida. specimens on Saxifraga punctata the leaves tend to be 
large. Possibly the plant is not quite identical with that cited under var. 
heucherae. The rust variety is named in accordance with the terminology of 
Hultén (6) for plants showing this type of distribution. In this case distribu- 
tion is probably limited by that of the host plants at least in part; thus the 
specimen from Yathkyed L. represents the eastern known limit of S. punctata. 
Incidentally this plant was determined by Mr. Porsild as S. punctata ssp. 
insularis, described as from western Alaska, a good example of the need for 
further work on the punctata complex. It should be noted that Jgrstad (9) 
reported a faintly striate rust on S. punctata from Kamtchatka. 


PUCCINIA HEUCHERAE (Schw,) Diet. var. saxifragae (Schlecht.) comb. nov. 
Puccinia saxifragae Schlecht., Fl. Berol. 2 : 134. 1824. 

Puccinia curtipes Howe, Bull. Torrey Botan. Club, 5:3. 1874. 

Puccinia striata Cooke, Grevillea, 7:3. 1878. 

Puccinia striatospora Peck, Mycologia, 5:71. 1913. 

Teliospores (20—)22—40(—47) & 13-23 (—24.5)y, not or slightly (moderately) 
constricted at septum. Wall (1.0—)1.2-2.2(-2.5)u thick, yellow-brown, 
with conspicuous longitudinal striate ridges at (1.0—)1.3-2.2u spacing. 
Germ-pores apical to rarely } depressed, with subhyaline hemispheric papilla 
1.0-4.5u high; and septal to }(—3) depressed, with smaller papilla. Pedicel 
hyaline, deciduous. 

On Mitella, Heuchera, and Saxifraga, circumboreal. 


Specimens examined: Heuchera cylindrica Dougl. apud Hook. var. septen- 
trionalis R.B. & L., eastern B.C. (four collections); western Alta. (Banff, 
Barth. N.A. Ured. 1539 as H. ovalifolia, and Calder and Savile 12218). H. 
ovalifolia Nutt. apud T. & G., B.C. (four collections, North Thompson, 
Similkameen, and Okanagan Valleys); ? Wash. (F. Columb. 1575, as on 
H. glabella = H. cylindrica var. glabella, but leaf although rubbed has decidedly 
pubescent petiole; and PUR 39244, ex type of P. striatospora, as on H. 
cylindrica, a small leaf fragment with glandular ciliate margin). H. parvifolia 
Nutt. var. major R.B. & L., Colo. (Barth. N.A. Ured. 736). H. richardsonti 
R. Br., Man.; S. Dak. (PUR 39241 as H. americana, and Griff. W. Am. Fungi 
272 as H. hispida); Neb. (F. Columb. 2143 as H. hispida); Wis. (Roum. F. Sel. 
Exs. 4315 as H. americana). Mitella ? stauropetola Piper, Ida. (F. Columb. 
1379 as M. trifida, and Mycob. of N. Am. 240 as Tiarella untfoliata). Saxifraga 
? aprica Greene (possibly californica or oregana), Calif. (PUR 39293, fragment 
from type of P. striata; in Saccardo, Syll. Fung. 7 : 734, as “‘in planta aquatica 
ignota in-Africa (?)”, but the title of Cooke’s paper was ‘‘California Fungi’; 
leg. H. W. Harkness). SS. californica Greene, Calif. (Marin Co.).  S. cernua 
L., Frank. (Cambridge Bay, Resolute Bay); Mack. (Nipartoktuak R.); Keew. 
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(Chesterfield Inlet, Southampton I.); Que. (Fort Chimo); Greenl. (Jacob- 
shavn, Holsteinsborg). S. fragosa Suks., Wash. (Barth.. N.A. Ured. 454). 
S. granulata L., Germany (type host and near type locality of P. saxifragae). 
S. hieracifolia Waldst. & Kit., Frank. (Prince Charles I.); Keew. (Spence 
Bay). S. nivalis L., Frank. (Fosheim Peninsula 80°04’ N. : 85°34’W., 
Resolute Bay, Repulse Bay, Frobisher Bay); Keew. (Chesterfield Inlet, 
Southampton I.); Greenl. (Foulke Post). S. occidentalis S. Wats. ssp. 
rufidula (Small) Basigalupi, B.C. (Mt. Benson, Vancouver I., typical rufidula; 
Manning Provincial Park, approaching rufidula). S. pennsylvanica L., Wis. 
(F. Wis. Exs. 99). S. rivularis L. Alaska (Kenai Peninsula); B.C. (Mt. Apex); 
Frank. (Pangnirtung 66°08’N. :65°41’W., Lady Job Harbour 60°27’N. : 
64°40’W.); Que. (Great Whale River); Labr. (Hebron). S. stellaris L., 
Norway. S. tenuis (Wahl.) Sm., Frank. (Prince Patrick I.); Sweden. 
S. virginiensis Michx., Que.; D.C. 

The writer does not guarantee the above list of hosts to be completely free 
from errors, but it is reasonably accurate. An examination of the list indicates 
the pitfalls that may ‘beset one’s path in such a study as this one. The 
taxonomy of Heuchera was very confused prior to the monograph of Rosendahl 
et al. (13) and a large proportion of mycological specimens bore palpably 
incorrect names. The writer is satisfied with most of the Heuchera identifica- 
tions listed; but sect. Holochloa subsect. Cylindricae appears to require 
revision in the light of recent collections, and the assignment of specimens to 
H. cylindrica vars. and H. ovalifolia under this rust and var. heucherae is 
provisional. See also under phytogeography. 

Both microscopic and field observations hint at considerable host specializa- 
tion within this variety as here delimited. It may eventually be possible to 
split it further, but the old-world material available does not at present warrant 
the attempt. There are small differences on some hosts in the distinctness of 
the striae; e.g. on Saxifraga granulata they are somewhat more delicate than 
on several other S. spp. Similarly there may be small but valid differences 
in spore size between certain hosts, as J grstad (8) suggested. However, minor 
differences in distinctness (i.e. height) of the striae are almost impossible to 
measure, and the great variability of spore size tends to mask small differences. 
As Jgrstad (12) pointed out, the spores in most collections on S. cernua tend 
to be longer than those on other hosts; but if all material is considered one 
has an unbroken series of overlapping measurements. 


PUCCINIA HEUCHERAE (Schw.) Diet. var. lithophragmae (Holway) comb. 
nov. 
Puccinia lithophragmae Holway, N. Am. Ured. 1:51. 1906. 

Teliospores 26.5-42(-44) & 13-19.5(—21)y, not or slightly constricted at 
septum. Wall 1.3-2.3u thick, yellow-brown, finely striate at ca. 1.3- 
2.2(-2.7)m spacing; the striae commonly both irregular in height and sinuous. 
Germ-pores apical, with small subhyaline papilla; and septal, with slightly 
developed papilla. Pedicel hyaline, deciduous. 
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On Lithophragma, western North America. 

Specimens examined: Lithophragma affinis (Boland.) A. Gray, Calif. 
L. parviflora (Hook.) Nutt., Utah (including F. Utahenses 137, type). 

This variety is particularly interesting because it provides a link between 
P. heucherae and P. pazschket. 


PUCCINIA PAZSCHKEI Diet. var. heterisiae (Jacks.) comb. nov. 

Puccinia aspera Diet. & Holw. apud Arth., Bull. Torrey Botan. Club, 29 : 230. 
1902. Not P. aspera Bon. 1869. 

Puccinia heterisiae Jacks. apud Arth., Bull. Torrey Botan. Club, 47 : 471. 
1920. 

Teliospores 27-51 X 14~-27.5y, slightly constricted at septum. Wall 
1.4-3.0yu thick, yellow-brown to light chestnut, conspicuously rugose with 
irregular warts or meandering ridges to 1.0u high near apex, usually shallower 
below; ridges tending to run longitudinally over part of spore. Germ-pores 
apical, with shallow, inconspicuous, yellow papilla 1.0-3.0u high, largely 
dwarfed by rugosity of wall; and more or less septal with smaller papilla. 
Pedicel hyaline (to subhyaline), deciduous. 

On Saxifraga sect. Boraphila subsect. Punctatae, western North America. 

Specimens examined: Saxifraga mertensiana Bong., B.C. (Manning 
Provincial Park); Wash. (three collections, including type, PUR 39331 on 
Mt. Paddo, 17 Aug. 1897; and Barth. N.A. Ured. 619); Mont. (Glacier 
National Park). 


On the several varieties of P. pazschkei, this rust, with its small papillae, 
slight median constriction, and appreciable tendency towards longitudinal 
ridging, most closely approaches P. heucherae. It is probably not due to 
chance that its host is more primitive than those of any other variety. 


PUCCINIA PAZSCHKEI Diet. var. tricuspidatae nom. nov. 

Puccinia saxifragae-tricuspidatae P. Henn. apud Allesch. & Henn., Bibl. Bot. 
42:41. 1897. 

Puccimia turriia Arth. & Jacks. apud Arth., Bull Torrey Botan. Club. 29 : 230. 
1902. 

Teliospores 26.5-54(-57) X 14.5-25(—27.5)u, slightly to moderately 
constricted at septum. Wall 1.3-3.0u thick, yellow-brown to light chestnut, 
strongly rugose with irregular warts or meandering, broken ridges 0.3-1.0 
(1.5) high near apex of spore, usually shallower below; ridges occasionally 
tending to anastomose. Germ-pores more or less apical, and septal to 3(—) 
depressed; each with large yellow papilla 2.0-5.0(—7.0)u high, 8-15 wide. 
Pedicel hyaline, deciduous. 

On Saxifraga sect. Trachyphyllum, nearctic region. 

Specimens examined: Saxifraga bronchialis L., southern B.C. (four collec- 
tions, near Little Fort, Princeton and Lardeau); Utah (San Juan Co., F. 
Utahenses 221); Colo. (Manitou, PUR 39315, type of P. turrita).  S. tricus- 
pidata Rottb., Alaska (Lawing and Kenai Peninsula); Yukon (Carcross) ; 
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Mack. (Fort Norman and Snare R.); Frank. (Frobisher Bay); Keew. 
(Chesterfield Inlet); western Greenl. (Godhavn). 


The above epithet was chosen, in conformity with the rules of nomenclature 
where a change of rank is involved, to avoid the awkwardness of Hennings’ 
name when used for a trinomial. The type has not been seen, but the Green- 
land specimen cited was taken within about 100 miles of the type locality. 


On Saxifraga tricuspidata this rust is much commoner than previously cited 
records suggest; but most phanerogamic collections are made at full bloom 
when the rust is just starting to develop. Mr. J. A. Calder found it in three 
locations in the Kenai Peninsula. The writer eventually found it abundant 
at Chesterfield Inlet, but could find none until bloom was nearly past. Collec- 
tions vary considerably in spore size and in the position of the lower germ-pore, 
but the variation does not seem to be correlated with geographic distribution; 
in fact specimens from Chesterfield Inlet show nearly the full range of variation. 


Until 1953 the only available specimens on Saxifraga bronchialis were the 
two cited from Utah and Colo., and in these the pore of the lower cell tended 
to be slightly more depressed than in spores from S. tricuspidata and the 
papillae tended to be slightly higher. The small leaves of S. bronchialis make 
the rust inconspicuous, but a determined search in southern B.C. has yielded 
four more collections, one from north of Little Fort on the North Thompson 
R., two from near Princeton in the Similkameen valley, and one from near 
Lardeau at the north end of Kootenay L. In these specimens the spore 
dimensions, papilla size, and pore position show almost all the range of variation 
seen in specimens on S. tricuspidata. The writer thus has no hesitation in 
pronouncing the rusts on these two species identical When Arthur and 
Jackson described P. turrita, the only specimen available to them on S. tricus- 
pidata was one from Greenland in which it happened that the pore of the 
lower cell was septal to } depressed. Had they seen a good series they would 
probably not have separated the rusts on these closely related species. 


PUCCINIA PAZSCHKEI Diet. var. jueliana (Diet.) comb. nov. 
Puccinia jueliana Diet., Hedw. 36 : 298. 1897. 


Teliospores 29-46 X (14-)15.5-22y, slightly to moderately (strongly) 
constricted at septum. Wall 1.5-2.4y thick, yellow-brown to light chestnut, 
lightly rugose above with irregular warts or sinuous ridges 0.1—0.3y high 
(occasionally to 0.74 on upper papilla), usually more or less smooth toward 
base. Germ-pores apical, with yellow papilla 1.5-5.0(-6.5)m high, 5.5- 
10.04 wide; and septal to } (—3) depressed, with smaller papilla. Pedicel 
hyaline to subhyaline, deciduous. 


On Saxifraga sects. Xanthizoon and Boraphila subsect. Stellares, ? holarctic. 


Specimens examined: Saxifraga aizoides L. Frank. (Lake Harbour); 
Western Greenl. (Quingua); Norway (Svendborg, Syd. Ured. 923). S. ferru- 
ginea Graham (S. nootkana Mogq., Spatularia brunoniana (Bong.) Small, not 
Saxifraga brunoniana Wall.), B.C. (Glacier, PUR 39317). 
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Puccinia jueliana was described on Saxifraga aizoides from Roisheim and 
Svendborg, Norway. Syd. Ured. 923 is presumably authentic even if not 
technically the -type. The two new-world specimens, recently found on 
phanerogamic sheets (in CAN), agree closely. The rust of S. ferruginea, a 
more primitive species than most hosts recorded for Puccinia pazschkei, 
cannot be reliably distinguished. It is included here with some misgivings, 
for the varieties of this species are generally very restricted in their host range. 
It is probably biologically distinct. 

It is possible that Saxifraga aizoides also takes P. heucherae var. saxifragae 
in the Tirol, for Sydow and Sydow (18) describe and illustrate the spores, 
presumably from a collection in that region, as striate. 


PuccINIA PAZSCHKEI Diet. var. huteri (Syd.) comb. nov. 
Puccinia huteri Syd., Oesterr. Bot. Zeitschr. 51:6. 1901. 

Teliospores 35-54.5 X 15-20.5(—22)y, slightly to moderately (strongly) 
constricted at septum. Wall 1.6—2.3y thick, light chestnut, shallowly rugose 
with irregular warts or ridges; ridges occasionally tending to anastomose or 
to run longitudinally. Germ-pores apical, with conspicuous pale brownish 
papilla 1.5-7u high, 6-11 wide; and septal (to slightly depressed), with 
smaller papilla. Pedicel hyaline, deciduous. 

On Saxifraga sect. Euaizoonia subsect. Mutatae, Europe. 

Specimen examined: Saxifraga mutata L., Austria (Brennerbad, Syd. 
Ured. 1522, type). To judge from this specimen, var. huteri differs from var. 
jueliana only in its greater spore length and lack of any marked tendency for 
the spores to be smooth toward the base. Although the host is closer to those 
of var. pazschkei, the rust seems to be closer to var. jueliana than to var. 
pazschket. 


PUCCINIA PAZSCHKEI Diet., Hedw. 30: 103. 1891, var. PAZSCHKEI. 


Teliospores 26.5-44 X (14-)15-22y, slightly to moderately constricted at 
septum. Wall 1.7-3.0y thick, yellow-brown to light chestnut, conspicuously 
rugose with irregular warts or sinuous ridges 0.2-0.8u high above (rarely to 
1.24 over upper papilla), usually much smoother toward base. Germ-pores 
more or less apical, with shallow yellow papilla 1.0-2.5y high, 9.0-11.5y 
wide; and septal to }(—}) depressed, with smaller papilla. Pedicel hyaline, 
deciduous. 

On Saxifraga sect. Euaizoonia subsects. Peraizooniae and Cotyledoneae, 
Europe. 

Specimens examined: Saxifraga aizoon Jacq. (s.l), Sweden (Uppsala as 
S. ? crustata and S. sp.); Switzerland (Jaap F. Sel. Exs. Supp. 38, 274); 
Austria (Tirol, Jaap F. Sel. Exs. 274, Syd. Ured. 1482). S. hostii Tausch 
(S. elatior Mert. & Koch), Sweden (Uppsala, cult. as S. altissima). S. cotyledon 
L., Norway (Eidfjord). 

Tranzschel (19) reports P. pazschkei on S. cartilaginea var. kolenatiana, 
which is treated by Engler and Irmscher (5) as S. aizoon ssp. cartilaginea var. 
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kolenatiana, from northern Caucasia. This report presumably refers to the 
present variety. No other records referable to var. pazschkei are known to 
the writer except from Scandinavia and the Alps, although the polymorphic 
S. aizoon is approximately circumboreal. This rust has been sought in the 
field and in herbaria by the writer in North America without success. The 
three collections listed from Uppsala were collected on the same date in the 
Botanical Garden by Eliasson, from which it appears probable that the same 
form attacks S. hostii, the type host, as attacks S. aizoon. 


PUCCINIA PAZSCHKEI Diet var. oppositifoliae var. nov. 


Teliosporae 30-46(-50) X 14.5-20.5yu, septo leniter vel moderate con- 
strictae. Paries (1.0-)1-5-2.5y crass., dilute castaneus, leniter rugosus, 
verrucis irregularibus vel columinibus longis sinuosis 0.2—0.5y alt.; columines 
raro plus minusve in longitudinem vel in reticulum posita. Pori germinativi 
apicales et ad septum, papillis flavis 0.5-3.5u alt., 6-11 lat., tecti. 
Pedicellus hyalinus, deciduus. 

On Saxifraga sect. Porphyrion, ? holarctic. 

Specimen examined: Saxifraga oppositifolia L., Que. (Great Whale River, 
7 Sept. 1949, D.B.O. Savile 788 = DAOM 23524, type). Distributed, as 
Puccinia pazschkei, to: UC, MICH, TRT, WIS, FH, PUR, BPI, IMI, O, S. 

Jgrstad (8, 11) noted that the rust on Saxifraga oppositifolia in Scandinavia 
is slightly different from the forms on other hosts, but it has never been given 
a distinguishing name. The collection from Great Whale River was large 
and in excellent condition, and is accordingly a good choice for the type. 
What is presumably the same rust is reported by Tranzschel (19) from 
Murmansk. It is probably circumboreal, but, as Jgrstad has remarked, it is 
easily overlooked. Those who have searched for brown rusts on S. oppositi- 
folia, with its minute leaves interspersed by deep shadows, will appreciate 
this statement. The writer found it by good fortune on a cliff where the 
plants were readily scrutinized and where continuous moisture made their 
habit lax. 


PUCCINIA FISCHERI Cruchet & Mayor, Bull. Soc. Vaud. Sc. Nat. 44 : 471. 
1909. 

Puccinia lyngei J¢rstad, Rept. Sci. Res. Norw. Exp. Novaya Zemlya 1921, 
No. 18. 1923. 

Teliospores 31.5-50 X 17-25.5(—27)u, not or slightly (moderately) con- 
stricted at septum. Wall 0.8-1.6y thick, light chestnut, smooth. Germ- 
pores apical and 3-3 depressed, each with very small hyaline or subhyaline 
papilla 1.0-2.0u high, 4.5-6.5u wide. Pedicel hyaline, deciduous. 

On Saxifraga sects. Hirculus, Xanthizoon, and Porphyrion, apparently 
holarctic and alpine. 

Specimens examined: Saxifraga aizoides L., Spitzbergen (Myggdalen, 
PUR F6220, ex O). S. biflora All., Switzerland (Glacier de Tourtemagne, 
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Canton de Valois, NEU, type). S. oppositifolia L., southwestern Yukon 
(mi. 1136 Alaska Hwy., J. P. Anderson and R. Brown 10307, DAOM 35197 
ex CAN). 

The description of Puccinia fischeri in Saccardo Syll. Fung. 21 : 632 states 
the spores to be “......... membrana......... minutissime punctulata; poro 
germinativo cellulae......... inferioris ad basim.’”’ Jgrstad accordingly 
seemed to be justified in describing P. /yngei as a new species, and he was 
led to believe (8) that P. fischeri was very closely related to the next species, 
P. joerstadii. The writer also suspected that P. fischeri and P. joerstadit 
would prove to be identical or virtually so, but examination of the type of 
P. fischeri shows that it has smooth spores with the lower pore never truly 
basal although strongly depressed. It agrees perfectly with the other speci- 
mens cited above and is quite distinct from P. joerstadii although evidently 
related to it. It is, at least, a source of satisfaction that P. joerstadii remains 
clearly valid to honor the name of the leading authority on boreal Uredinales. 

The spores on Saxifraga oppositifolia tend to be slightly wider than those on 
S. biflora or S. aizoides, but the difference would probably vanish if an adequate 
series of specimens were available. J¢grstad (8) stated that the spores from 
S. aizoides and S. flagellaris are indistinguishable. 

Fragments of the collection on Saxifraga oppositifolia have been deposited 
in PUR and O. Dr. Anderson’s death occurred before further information on 
his specimen could be obtained, and the distribution of other duplicates, if any, 
is not known. At the writer’s request Dr. J. C. Gilman has examined the 
master sheet and has found the rust which he has deposited in the mycological 
herbarium, Iowa State College. Although all other data agree he notes that 
the master sheet bears the collection number 9407, not 10307 as on the sheet 
in the National Museum of Canada. The explanation of this disagreement is 
not known. The habitat is described as alpine. No altitude is given, but 
the experience of members of this Division is that S. oppositifolia is scarce in 
Yukon below 5,000’. 


PUCCINIA JOERSTADII Rytz, Ver6ff. Geobot. Inst. Riibel in Zurich, 4 : 86. 1927. | 

Teliospores 34-47.5 X 14.5-19.5(-—21.5)y, slightly to moderately con- 
stricted at septum. Wall 1.7—2.5y thick, yellow-brown, finely and evenly 
verrucose with rounded warts ca. 0.1-0.2yu high, 0.2—0.3u wide (or longer 
by confluence). Germ-pores apical, and | depressed to basal (the pedicel 
then slightly offset), each with a shallow pale yellow papilla ca 1.0-2.0y high. 
Pedicel hyaline, deciduous. 

On Saxifraga sect. Porphyrion, Europe. 

Specimen examined: S. oppositifolia L., Switzerland (Zahm Andrisch, 
W. Rytz, PUR F6219 ex O). 

This specimen is from the second of two locations cited by Rytz, neither of 
which was explicitly designated as the type. It agrees well with the original 
description and illustrations. Puccinia joerstadii has recently been reported 
from Czechoslovakia by Souckova (17) whose illustrations clearly show the 
distinguishing features of the spores. 


: 
= 
ig 
= 
é 
~ 


SAVILE: RUSTS 415 


This species is distinguished from Puccinia fischeri by its somewhat narrower 
spores, finely verrucose spore walls, and even more strongly depressed lower 
pore; but the common possession of depressed pores and very small pore 
papillae suggests that they are closely related. 


Phylogeny 


There is substantial evidence that most of the rusts under consideration are 
a single evolutionary group. Concerning the relationship of Puccinia fischeri 
and P. joerstadii to the remaining species there is no clear evidence, perhaps 
because of the dearth of specimens from the Himalayan region, northward, 
through areas unquestionably rich in Saxifraga, to the arctic coast of 
Siberia. For the present discussion it will be assumed that the whole group 
is natural. 

No autoecious long-cycled Puccinia is known to attack Saxifragaceae. 
(Puccinia trifoliata Ell. & Ev., described as on Tiarella trifoliata, is P. pim- 
pinellae on Osmorhiza). We may therefore suppose that the first of these 
microcyclic species arose, following Tranzschel’s law, from an ancestral 
heteroecious rust with aecia on some ancient saxifragaceous plant. The telial 
host may have been a sedge, for Carex rusts are known today with aecia on 
Grossulariaceae and Parnassiaceae. Aecidium saxifragae Thuem. on Saxifraga 
stbirica L., known only from central Siberia and with telial host unknown, 
may be related to it. Probably the ancestral species no longer exists. 

In various groups of Puccinia and Uromyces there is a well-defined evolu- 
tionary trend from teliospores with smooth walls thickened at the apex and 
firm pedicels (sect. Eupuccinia of Arthur (1) ), to sculptured walls of nearly 
uniform thickness and deciduous pedicels (sect. Bullaria of Arthur). This 
development is being discussed elsewhere (Savile (15) ). All that we need 
note here is that the smooth spore with firm pedicel is primitive and that the 
sculptured spore with deciduous pedicel is advanced; that Arthur’s two 
sections, although convenient, are polyphyletic; and that firm- and deciduous- 
pedicelled species are often closely related, sometimes being linked by inter- 
mediate forms. 

We may be certain that this group of rusts arose from a smooth-spored, 
firm-pedicelled species. If we turn back to the descriptions of the first six 
taxa treated above, we see that the first four have definitely persistent, the 
fifth weakly persistent, and the sixth weakly persistent or deciduous pedicels. 
The remaining taxa have more or less regularly deciduous pedicels, but can 
be arranged in something approaching a natural sequence according to the 
wall sculpturing. 

Fig. 1 shows what is probably the approximate course of evolution for the 
whole group. Puccinia tottoriensis, with very firm pedicels, is regarded as 
the most primitive existing species. P. asiatica var. tiarellae is closer in 
morphology to P. tottoriensis than is var. asiatica and is therefore placed below 
the latter. P. saxifragae-ciliatae resembles P. asiatica var. asiatica in its 
long-beaked spores, but the spores are substantially larger. The sequence of 
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P. pazschkei vor. huteri P. pazschkei var. pazschkei 


P. pazschkei vor. jueliana 


P. sii P. pazschkei var. oppositifolice 


hkei 
var. 


P. fischeri 


P. laurentiana 


P. soxifragae-ciliatae 


P. asiatica var. asictice 


P. asiatica vor. ticreiloe 


P. tottoriensis 


Fic. 1. Evolutionary diagram of the microcylic species and varieties of Puccinia 
attacking Saxifragaceae. 


evolution within P. heucherae is fairly clear: from var. chrysosplenii with 
smooth spores and imperfectly deciduous pedicels; to var. heucherae with 
smooth or sparsely and faintly striate spores and almost fully deciduous pedicels; 
to var. austroberingiana with closely but delicately striate spores; to var. 
saxifragae with closely and strongly striate spores; and var. lithophragmae 
with the striae sinuous, forecasting the pattern developed in P. pazschket. 
P. pazschkei var. heterisiae seems to show the strongest tendency of any 
variety toward longitudinal ridging, has the least median constriction, and 
has the smallest papillae. It is accordingly presumed to be the basic variety. 
The grouping of the other varieties of P. pazschkei is speculative. They may 
be advanced in one character and primitive in another. P. fischeri and 
P. joerstadii are linked by their strongly depressed lower germ-pores and small 
papillae. Its verrucose walls and more strongly depressed lower pore mark 
P. joerstadii as being the more advanced species. 

It is interesting to note that, since all these rusts lack pycnia, all must be 
regarded as virtually obligately self-fertile. Presumably, therefore, the whole 
assemblage has been produced from start to finish through mutations without 
any opportunity for genetic recombination. 


Host Relationships 


The host relationships of these rusts can best be understood by reference to 
Table I. In the preparation of this table an attempt has been made to 
arrange both hosts and parasites in as near an approach to an evolutionary 
sequence as a linear arrangement allows. Such an arrangement is more 
difficult with the hosts than with the parasites, for the family is relatively 
large, and various evolutionary stimuli have been at work in it that may have 
masked relationships to some extent. Such stimuli are exemplified by seed- 
dispersal mechanisms, which the author sought to use as a clue to relationships. 


4 » 
ee 
. pozsc toe 
P. pazschkei var. heterisice 
P. heucherae var. lithophrogmae 
P. heucherae var. saxifragae 
P. heucherae var. austroberingiana 
P. heucherae var. heucherae 
P. heucherae var. chrysosplenii 
is 
4 
— 


SAVILE: RUSTS 


TABLE I 


417 


Host 


Puccinia spp. and vars. 


tottoriensis 


asiatica tiarellae 


asiatica asiatica 


saxifragae-ciliatae 


laurentiana 


heucherae chrysosplenii 


heucherae heucherae 
heucherae austroberingiana 
heucherae saxifragae 
heucherae lithophragmae 
pazschkei heterisiae 
pazschkei tricuspidatae 


pazschkei jueliana 


pazschkei huteri 


passchkei pazschkei 


passchkei oppositifoliae 


fischeri 


joerstadit 


Mitella japonica 
1. kiusiana 
1. stylosa 
nuda 
diphylla 
ovalis 
brewert 
pentandra 
trifida 
stauropetala 
Chrysosplenium flagelliferum 
C. sphaerospermum 
Tiarella polyphylla 
T. cordifolia 
T. trifoliata 
T. unifoliata 
Tolmiea menziesii 
Heuchera glabra 
H. villosa 
H. micrantha 
H. americana 
H. hallit 
H. cylindrica vars. 
H. ovalifolia 
H. parvifolia 
H. richardsonii 
Elmera racemosa 
Tellima grandiflora 
Lithophragma afinis 
L. parviflora 
Bergenia ligulata var. ciliata 
B. stracheyi 
Saxifraga sect. Diptera 
S. fortunei 
sect. Boraphila 
(1) S. nudicaulis 
S. japonica 
. fusca vars. 
. punctata s. |. 
S. mertensiana 
(2) S. lyallii 
(3) S. ? aprica 
californica 
hieracifolia 
nivalis 
occidentalis ssp. rufidula 
tenuis 
virginiensis 
(5) S. fragosa 
S. pensylvanica 
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TABLE I—Concluded 


Puccinia spp. and vars. 


Host 


tottoriensis 

asiatica tiarellae 
asiatica asiatica 
saxifragae-ciliatae 
laurentiana 

heucherae chrysospleniit 
heucherae heucherae 
heucherae austroberingiana 
heucherae saxifragae 
heucherae lithophragmae 
pazschkei heterisiae 
pazschkei tricus pidatae 
pazschkei jueliana 
pazschkei huteri 
pazschkei pazschkei 
pazschkei op positifoliae 
fischeri 

joerstadit 


(6) S. ferruginea 
S. stellaris x 


x 


sect. Hirculus 
(10) S. flagellaris x 


sect. Nephrophyllum 
(3) S. granulata 
(4) S. cernua 
S. rivularis 


xX xX 


sect. Trachyphyllum 
S. bronchialis x 
S. tricus pidata x 


sect. Xanthizoon 
S. aizoides x x 


sect. Euaizoonia 
(2) S. aizoon 
S. hostit 
(3) S. cotyledon 
(5) S. mutata x 


xX X 


sect. Porphyrion 
(2) S. biflora 
(3) S. oppositifolia x 


x X 
x 


Note: Numbers opposite Saxifraga spp. refer to subsections of Engler and Irmscher 


As already shown (Savile (14) ), the splash-cup dispersal mechanism has been 
developed, quite possibly independently, in Chrysosplenium and Muitella. 
When this fact was reported the full significance of the observation was not 
understood, and it was suggested that Saxifraga had developed an imperfect 
splash cup. It is now clear that the splash cup develops only in sheltered 
situations, such as in forests and below cliffs, where water will fall vertically 
and generally in large drops. In the open, exposed to wind, a cup would be 
struck slantingly and by generally small rain drops, which are much less 
efficient dispersal agents than the large drops from forest canopy or cliff ledge. 
In the open we more often see wind-dispersal mechanisms. Thus in Litho- 
phragma, as in many genera of other families, e.g. Sisyrinchium, the capsule 
becomes erect before maturity and opens apically; and the tall, slender stem 
swings violently when struck by an animal or the wind, causing the seeds to 
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be thrown out. In the short, rigid stems of many Saxifraga spp., it is possible 
that when the wind reaches a certain speed a sort of resonant vibration is 
set up, causing the seeds to spin about in the capsule progressively faster 
until they are ejected; but there has been no opportunity to test this 
hypothesis. TJiarella was presumed to be more primitive than the related 
Mitella because it had not developed a splash cup. However, the curious 
capsule in this woodland genus provides another dispersal device powered by 
the drops that fall from the canopy. The axis of the mature capsule is 
horizontal, one valve lying directly above the other. The lower valve projects 
far beyond the upper, except in occasional aberrant forms. When a drop hits 
the end of the lower valve, the valve is depressed and one or more seeds roll 
down to its tip; then the valve snaps up again and the seed is thrown out. 
It thus appears that Mitella and Tiarella have been derived from a common 
ancestor with an unspecialized capsule and that neither can be called more 
advanced than the other. These and other devices, such as bristly seeds, 
may develop rapidly under the stimulus of such an important need as seed 
dispersal. They may occur more than once in a family, and may hinder 
rather than help our understanding of phylogeny within the group. 

It has accordingly been necessary to use only a few accepted principles in 
arranging the sequence of genera and species. The clues most applicable to 
this family are: that the superior ovary precedes the adnate or inferior one; 
that parietal placentation precedes axile; that lax panicles precede dense, 
spikelike ones; and that large, broad leaves tend to become reduced to small, 
narrow ones. Beyond the aid supplied by these clues and suggestions from 
some monographs, species that take a given rust have been grouped together. 
This procedure makes the data somewhat easier to follow and probably does 
no great violence to relationship. The species of Saxifraga are arranged 
largely in the sequence of Engler and Irmscher (5), but alphabetically within 
sections or subsections. The only major change has been to place S. fortunet 
(sect. Diptera) early in the genus, where leaf shape and inflorescence suggest 
that it belongs, rather than at the end of the genus, where Engler and Irmscher 
placed it because of the single advanced character of zygomorphic petals. It 
may be noted that zygomorphic petals occur sporadically, if less conspicuously, 
in several sections. The species of Heuchera are arranged according to the 
phyletic diagram of sections and subsections given by Rosendahl et a/. (13). 


Inspection of Table I reveals several interesting facts. First, the trend of 
the crosses indicating infection is from upper left to lower right, encouraging 
the belief that the sequences selected are reasonably natural, both between 
and within genera. 

Second, when the major varieties of Puccinia heucherae are considered, we 
find that var. heucherae occurs on five genera, var. austroberingiana on four, 
and var. saxifragae on three. Although presumably made up of several 
biological forms, each of these varieties is essentially morphologically homo- 
geneous. Within the genera concerned this grouping may indicate relation- 
ship, but between genera it evidently indicates relative age. Thus the oldest 
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species of Mitella, the American species of Tiarella and the oldest species of 
Heuchera and Saxifraga seem to be of roughly similar age. Mitella brewert, 
M. pentandra, and M. trifida, Elmera racemosa, Tellima grandiflora, and several 
of the earlier species of Saxifraga seem to be somewhat more recent. M. 
stauropetala, the most advanced species of Heuchera and moderately advanced 
species of Saxifraga appear to be more recent still. It is not known what all 
the factors may be that govern the adaptation of a particular rust to a given 
host but prevent it from attacking another host that is more or less advanced. 
These data must accordingly be treated guardedly, but the general force of 
their implications can hardly be denied. 

We note also that the most primitive and most advanced rusts have a 
much more restricted host range than those just discussed. The most 
primitive species are chiefly Asiatic and the limited range may be in part 
due to the limited records available; but it is also possible that these rusts 
developed so early that the choice of hosts was limited, and that they were 
unable to become adapted to hosts that later developed in their areas. The 
restricted host range of the more recent rusts is presumably due in part to the 
short time available for diversification of both hosts and parasites. Neverthe- 
less the wide host range of the principal varieties of Puccinia heucherae in 
contrast with that of any other species is impressive. The writer feels certain 
that this wide host range is due in large part to P. heucherae having arisen 
just when Saxifragaceae were undergoing an explosive development. As will 
be shown in the next section, this development seems to have occurred about 
the time that the ancestral members of the family entered the Cordilleran 
region from eastern Asia. 

It will be noticed that the North American species of Mitella between them 
take three varieties of Puccinia heucherae. Here again the division seems to 
be mainly according to the age of the host. If we recognize the segregate 
genera of Small and Rydberg (16), we find that Mitella, represented by 
M. diphylla and M. nuda, harbors var. heucherae; in Pectiantia, M. ovalis takes 
var. heucherae, but M. breweri and M. peniandra take var. austroberingiana; 
and in Ozomelis, M. trifida takes var. austroberingiana and M. stauropetala 
takes var. saxifragae. M. diphylla and M. nuda have 10 stamens and have 
the ovary almost superior, and it is understandable that they should take the 
most primitive variety. The remaining species have five stamens, and in 
M. trifida and M. stauropetala the ovary is more than half inferior. The 
Japanese species, although relatively advanced, take a more primitive rust, 
but, as we shall see presently, the explanation is phytogeographic rather than 
physiological. 

We may note, in passing, that the placement of Saxifraga at the end of the 
table, largely on the basis of its axile placentation, is amply justified, providing 
further evidence that parietal placentation gives way to axile, rather than the 
reverse as has occasionally been maintained. 
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Phytogeography 


Phytogeographic studies of the parasitic fungi are all too often profitless, 
for their rates of spread may so greatly exceed those of their hosts that the 
ranges are nearly identical, and the study resolves itself into that of the 
migration and distribution of the hosts. The latter study is, of course, 
inseparable from that of the fungi, for hosts and parasites evolve together. 
In the present instance we are somewhat more fortunate than usual. The 
distribution data show us that the firm-pedicelled species are essentially 
restricted to the old world, particularly to eastern Asia. Puccinia tottoriensis 
and P. asiatica var. tiarellae are reported from Japan, P. asiatica var. asiatica 
from eastern Siberia, P. saxifragae-ciliatae from the Himalayan region, and 
P. laurentiana from St. Lawrence I. in the Bering Sea. Although the last 
situation is technically in North America it is 120 miles from the Alaskan 
mainland and only 45 from the Siberian coast. It is reasonable to believe 
that the range of this species is essentially eastern Siberian. P. heucherae 
var. chrysosplenii spans Eurasia but has not been reported in North America 
despite a continuous distribution of Chrysosplenium spp. Thus we may be 
reasonably certain that this group of rusts originated in Asia; perhaps in 
eastern Asia although lack of data from central Asia makes such an assumption 
dangerous. 

Lacking urediniospores, whose main function is dispersal, the firm-pedicelled 
microcyclic rusts have quite limited means of spread. The teliospores 
germinate only im situ and the delicate basidiospores are too short-lived to 
bridge appreciable sea or other barriers. Unless these rusts are transported 
on the living plant, e.g. by ice, they cannot be expected to cross a barrier 
such as the Bering Strait. The deciduous-pedicelled teliospore need not 
germinate in situ and, particularly when the wall becomes sculptured, assumes 
the distributive function of the urediniospore in addition to the usual repro- 
ductive function of the teliospore. Such rusts tend to be widely dispersed, 
often as widely as their hosts. 


The Bering Strait appears to have been crossed by some rust very similar 
to the present-day Puccinia heucherae var. heucherae, i.e. with pedicels generally 
deciduous. The crossing was probably made by a form parasitizing Mitella 
or Tiarella, since both these genera, of the several that take P. heucherae var. 
heucherae, occur in eastern Asia as well as in North America. These two 
genera are closely related and are known to hybridize. As they diverged each 
developed a distinct seed-dispersal mechanism, as we have already seen, 
neither of which can clearly be considered more advanced than the other. 
Mitella takes P. tottoriensis, the most primitive rust of the series, but also 
takes more advanced varieties of P. heucherae than does Tiarella. Probably 
the rust of only one genus crossed the strait and from it developed a race 
attacking the other; but there is no clear evidence as to which race originated 
first. Since Mitella nuda is attacked by P. heucherae var. heucherae in Asia 
and Tviarella is not, it may be argued that this is the form that crossed the 
strait; but it is just as likely that the rust on Mitella developed in North 
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America and crossed the strait into Asia at some later period. In fact, when 
this rust developed it is possible that M/. nuda, today restricted to eastern 
Asia but transcontinental in North America, occurred only in North America. 
A tremendous development of Saxifragaceae took place in North America, 
especially the Cordilleran region, probably very soon after this incursion by 
Puccinia heucherae. This development was closely followed by that of several 
varieties and forms of P. heucherae on Mitella (s.1.), Heuchera, Elmera, Tolmiea, 
Tellima, Lithophragma, and Saxifraga. Probably all these rusts originated in 
the Cordilleran region, but some have since followed their host plants into 
other parts of North America, into northeastern Asia or into a holarctic 
distribution pattern. Factors such as wind, topography, and sea ice are 
conducive to rendering high arctic rusts circumpolar in much the same way 
that they hasten spread of phanerogamic plants. 

Once these rusts develop deciduous pedicels it is often impossible to trace 
their migration patterns, for they may quickly fill the range occupied by their 
hosts. The rust records for Mitella nuda illustrate this point. The plant 
extends from eastern Siberia, through Alaska, southward to southern B.C., 
and eastward to Nfld. Puccinia asiatica var. asiatica is confined to eastern 
Asia, probably occupying all the Asiatic range of the host to judge from the 
records cited by Tranzschel (19). P. heucherae var. heucherae attacks M. nuda 
throughout both the Asiatic and the North American parts of its range. 


It may be noted that although Puccinia heucherae var. saxifragae is circum- 
boreal and all other varieties, except var. chrysosplenii with imperfectly 
deciduous pedicels, seem to be coextensive with their known or potential 
hosts, not all varieties of P. pazschkei, which must have equal mobility, seem 
to have covered their potential range. In some instances the apparently 
limited range is partly illusory, being due to the paucity of specimens. Thus 
vars. jueliana and oppositifoliae occur on plants whose distribution is primarily 
high arctic and whose habit makes the detection of the rusts difficult. These 
rusts are presumably more widespread than the records indicate. In fact 
there were no Nearctic records of var. jueliana until the writer recently 
searched the phanerogamic specimens in the National Museum of Canada. 
But P. pazschkei var. pazschkei attacks Saxifraga spp. (sect. Euaizoonia) with 
pale, flat, moderate sized leaves; and the failure to find it in northern Canada, 
despite the abundance of S. aizoon, is impressive. This variety may, in fact, 
be limited to the areas from which it is reported, Scandinavia, the Alps, and 
the Caucasus. It thus appears probable that P. pazschkei var. pazschkei 
originated so recently that it has not yet had time to occupy much of the 
range of S. aizoon. It is certainly much more recent than any variety of 
P. heucherae. 


There is also some doubt as to whether Puccinia pazschkei var. tricuspidatae 
has covered the whole of its potential range. It covers virtually the whole 
range of Saxifraga tricuspidata, but on S. bronchialis it is recorded only from 
B.C., Utah, and Colo., although the host occurs northward to Alaska and 
westward through Siberia to the Urals. S. bronchialis has smaller leaves than 
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S. tricuspidata and infection on S. bronchialis is seldom heavy in the writer’s 
experience. The rust is consequently overlooked very easily on S. bronchialis 
and the records may show only a fraction of the actual range. It may easily 
occur in northern Siberia, when one considers that a single season’s searching 
in B.C. greatly extended the known range and more than doubled the known 
stations. If S. bronchialis occurred in Scandinavia or the Alps its rust would 
probably not long escape discovery, but its old-world range is all in much less 
intensively botanized areas. S. bronchialis has been split up into various 
minor categories and the Cordilleran plant has even been treated by some 
writers as a distinct species, S. austromontana; and it is barely possible that 
variations in susceptibility, correlated with geographic variation, limit distri- 
bution of the rust. The geographic variation of S. bronchialis is far from 
settled, however. Constant differences, if they actually exist, seem to be 
small. The variation from clone to clone on any one of many talus slopes 
in B.C. seems to be about as great as that recorded for the entire species. 

The ability of a rust to cover its potential range quickly and uniformly is 
governed to a substantial degree by topography. In the highly dissected 
Cordilleran region many plants and animals tend to be racially distinct from 
valley to valley or range to range, despite great uniformity from the foothills 
to the Atlantic coast. From the limited study already made of British 
Columbian rusts there is evidence of a surprising degree of similar local 
differences or of discontinuous distributions among these fungi. 


It is probably not entirely due to chance that the only records of a given 
host species taking two varieties of Puccinia heucherae are from the Cordilleran 
region. The data may be reviewed here although the writer cannot explain 
them adequately. 

In Alaska (two collections) Saxifraga lyallii takes P. heucherae var. austro- 
beringiana, whereas in southern B.C. and Alta. (three collections) it takes var. 
heucherae. Similarly S. punctata (s.l.) takes var. austroberingiana in 
Kamtchatka (J@rstad (9) ), Alaska (two collections), Yukon (two collections), 
Keew. (one collection), southern B.C. (three collections), and southeastern 
Ida. (one collection); but takes var. heucherae in Wash. (one collection), 
Utah (three collections), and Colo. (one collection). 

The most complex situation of all is seen in the rusts attacking Heuchera 
sect. Holochloa subsect. Cylindricae. Since the hosts of most of the early 
collections cannot be identified with any certainty and the location and 
altitude of the site are often in doubt, the situation is best exemplified by the 
series of rusts on these hosts taken by J. A. Calder and the writer in southern 
B.C. in 1953. A long phanerogamic series was obtained from which, adopting 
the nomenclature of Rosendahl ef al. (13), the plants can be provisionally 
classified as H. ovalifolia west of the Monashee Mts. (i.e. Okanagan Valley, 
Similkameen Valley, Shuswap L., and Kamloops region with adjoining 
valleys); H. cylindrica var. glabella between the Monashee and Selkirk Mts.; 
and H. cylindrica var. septentrionalis from the Selkirks to the Alberta slope 
of the Rocky Mts. There seems to be more or less complete intergradation 
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from the western to the central populations, between which the mountain 
barrier is in places relatively low; and there is some indication that var. 
septentrionalis occurs at high altitudes in the range of var. glabella, intergrading 
with it to some extent. Pending further study and collecting, the tentative 
conclusion must be that these are three intergrading subspecies. Seventeen 
rust collections were obtained along with this series of plants. Of five on 
H. ovalifolia, four were P. heucherae var. saxifragae and one was var. heucherae. 
Of seven collections on H. cylindrica var. glabella all were P. heucherae var. 
heucherae. Of five collections on HH. cylindrica var. septentrionalis all were 
P. heucherae var. saxifragae, including one from the tree line on Copper Mtn., 
near Nelson, in the H. cylindrica var. glabella zone. Here we have two 
distinct rusts in an area about 250 X 150 miles, attacking intergrading 
geographic subspecies of a single species; but, with only a single exception, 
the records show var. saxifragae attacking the eastern and western populations 
and var. heucherae attacking the central one. The occurrence of a different 
rust on Copper Mtn. from that in the valley below suggests that these rusts 
are specialized on their hosts rather than restricted in their distribution; in 
which case the single record of var. heucherae on H. ovalifolia would be 
interpreted as due to the host being a hybrid with 7. cylindrica var. glabella 
that was morphologically close to ovalifolia but physiologically close to glabella. 
Although this may well be the explanation, observations on the effects of 
geographic barriers on other rusts in B.C. make its absolute acceptance 
impossible at present. 

Obviously the history of the development and spread of these rusts and 
their hosts in the Cordilleran region is extremely complex. Until the 
glaciology is thoroughly understood, and the location of relict colonies and the 
courses of recolonization of the hosts worked out, an adequate understanding 
of these rusts will not be possible. These rather fragmentary data are 
presented, however, because they may eventually aid the phytogeographer in 
interpreting the distribution pattern of the host plants. 

The records of Puccinia fischeri and P. joerstadii are too meager to offer 
much guidance as to their origin and spread. They are so distinct from the: 
series that developed mainly in eastern Asia and the Cordilleran region of 
North America that it is felt that their evolutionary line has been distinct for 
avery long time. The most primitive host recorded for P. fischeri is Saxifraga 
flagellaris which belongs to sect. Hirculus, a large section that is predominantly 
Himalayan. It is quite likely that these rusts originated in the Himalayan 
region, which, in proportion to the number of Saxifragaceae that it harbors, 
is practically unexplored mycologically. 
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THE ORGANISM CAUSING DWARF BUNT OF WHEAT! 
By I. L. Conners? 


Abstract 


When Fischer described Tilletia brevifaciens as the organism causing dwarf 
bunt of winter wheat, he showed that it was specifically distinct from T. caries 
(Fr.) Tul. However, he failed to indicate how his new species was separated 
from other species of Tilletia already described. Some of these species were 
restudied. It has been found that Tilletia brevifaciens is not specifically distinct 
from T. contraversa Kiihn originally described on Agropyron repens, but also 
known on other species of Agropyron. Wheat probably first contracted dwarf 
bunt in the mountainous areas of Europe, where native species of A gropyron are 
found naturally infected by T. contraversa. The pathogen has been introduced 
into North America. 


Introduction 


The discovery of dwarf bunt in winter wheat in Ontario in 1952 (Conners 
and Skolko (3) ) may well be of considerable local importance. On the one 
hand, the Ontario crop is the chief domestic source of wheat suitable for 
milling into pastry flour. On the other hand, the control of dwarf bunt 
presents unusual difficulties. Whereas common bunt responds readily to seed 
treatment, it is impossible to control dwarf bunt by this method, because most 
of the infection in the current crop appears to be from spores introduced into 
the soil previous to sowing the crop. Nor has any practical soil treatment 
yet been found. Therefore, the development of resistant varieties appears 
to be the best method of controlling the disease. Fortunately the breeding 
program for common bunt in the western United States was well advanced 
when dwarf bunt was discovered; some of the varieties proved to be resistant 
to dwarf bunt. In consequence, losses from both kinds of bunt have been 
only occasionally serious in those regions. As yet only a start has been made 
in transferring known genes of resistance into a winter wheat suitable for 
growing in Ontario. 


When Young (18) first recognized dwarf bunt as a distinct disease of winter 
wheat in Montana, he designated the causal organism a variety of Tilletia 
caries (DC.) Tul. Later, Holton (9) distinguished it as a race of T. caries. 
A significant advance in our understanding of the disease was made when 
Fischer (4) recognized that the dwarf bunt organism was morphologically 
distinct from the common bunt fungus, T. caries, and named the pathogen 
T. brevifaciens. Warmbrunn (16) arrived independently at the same con- 
clusion, but he did not name the fungus. 

1 Manuscript received January 21, 1954. 


Contribution No. 1359 from the Botany and Plant Pathology Division, Science Service, 
Department of Agriculture, Ottawa, Canada. 


2 Senior Mycologist. 


= 
JES 
q 
: 
> 


CONNERS: DWARF BUNT 427 


Tilletia brevifaciens has been shown to have a fairly wide host range by 
Fischer (4), Fischer and Tyler (6), and Warmbrunn (16) and to occur in 
Europe as well as in North America by Wagner (14), Fischer (4), and Warm- 
brunn (16). From their review of the current history of dwarf bunt, Fischer 
and Tyler (6) concluded that the disease was already present and often well 
established by 1931 in several Northwestern States, in British Columbia, and 
in New York State. Earlier records of its occurrence could not be authen- 
ticated. A field survey in 1953 in Ontario by the author and R. V. Clark 
revealed its presence in four counties in Ontario, but no earlier records of its 
occurrence in the province were discovered.* In Europe, dwarf bunt was 
first reported in Germany by Wagner (14) in 1948 and in Austria by Pichler 
(13) in 1951. However, Warmbrunn (16) claims that the disease has been 
present in Wiirttemberg since 1930. 


Fischer and Tyler (6) have urged that a re-examination be made of all 
collections identified as 7. caries or T. tritict (Bjerk.) Wint. now in herbaria. 
In this way, the presence of the organism on wheat at a much earlier date 
might be uncovered. It may be recalled that 150 years have passed since 
parasitic fungi became objects of serious study and it hardly seems possible 
that such a conspicuous organism has been completely overlooked. At the 
same time, there are good reasons for failing to recognize its presence in wheat. 
As most wheat varieties are susceptible to both species of common bunt, the 
average collector would be likely to overlook the presence of 7. brevifaciens, 
unless he was attracted by the dwarfed nature of the affected plants. Moreover, 
Bamberg ef al. (1) have shown that dwarf bunt tends to be suppressed by the 
common bunts. More recently, Wagner (15) has concluded that the use of 
‘universal’ seed dressings, so effective against seed-borne and many soil-borne 
organisms, favors infection by the dwarf bunt pathogen and accounts for the 
marked increase of the pest in recent years. It is also quite probable that 
dwarf bunt has a relatively sporadic distribution. Warmbrunn (16) found 
dwarf bunt confined to the highest altitudes in Wiirttemberg. Observations 
in Ontario indicate that the altitude in itself cannot explain its presence, but 
there is some evidence that a rolling terrain and clay soils provide conditions 
favorable for the development of dwarf bunt in wheat. 


As the chances were not great of finding early collections of dwarf bunt on 
wheat among those already in herbaria, it appeared desirable to extend the 
search to early records of smut attacking the ovaries of certain grasses. The 
present paper presents the results of this search. The study is based on 
specimens in the Mycological Herbarium (DAOM) of the Botany and Plant 
Pathology Division or obtained on loan from the Mycological Collections 
(BPI),** Division of Mycology and Disease Survey, Plant Industry Station, 
Beltsville, Maryland. For examination, the spores were mounted in Shear’s 
mounting fluid according to the directions of Fischer (4). 


* Since this paper was written, affected heads of Dawson's Golden Chaff, collected in 1947 on 
the farm where dwarf bunt was found in 1952, were received. 


** DAOM and BPI are the code names of the two herbaria respectively. 
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Comparison of Tilletia brevifaciens and T. contraversa 


The type of Tilletia brevifaciens G. W. Fisch. is a collection on Agropyron 
intermedium (Host.) Beauv., Orofino, Idaho, Aug. 1950, Earl Horning (Fisch., 
Gramin. Smuts N. Am. 292) and the paratype is:on Triticum aestivum L. 
(Fisch., ibid. 293). As the reticulations and sheath were disregarded in 
determining the basic dimensions of the spores in the present study, the 
following description drawn from the type collection (DAOM) is given to 
supplement the fuller description of Fischer (4): Spores in mass very dark 
reddish brown (Munsell 5.0 YR 3/2). Spores (Fig. 1) globose to subglobose, 
dark brown 14.5-18.5 X 14.5-16.0u; meshes 0.7-1.5y high, 3.0-6.0u 
across, up to 10u long; gelatinous sheath 0.5-1.0yu (beyond reticulations). 


Tilletia brevifaciens is also recorded on A gropyron subsecundum (Lk.) Hitche. 
by Fischer (4), on Secale cereale L. (Fisch., ibid. 296) by Woodward et al. (17) 
and on Arrhenatherum elatius (L.) Presl. (Fisch., ibid. 294) by Hardison and 
Corden (7). Additional specimens have been distributed on Agropyron 
intermedium (Fisch., ibid. 295) and Triticum aestivum (Fisch., ibid. 297). 
These specimens were also examined, but they all agreed closely with the 
type. Dwarf bunt is recorded on Triticum spelta L. and Secale cereale in 
Germany by Warmbrunn (16); his description and photographs leave no 
doubt that he was working with the same organism. 

When Fischer (4) accorded specific rank to the dwarf bunt organism, he 
carefully pointed out that Holton and his co-workers (cf. Holton et a/. (10) ) 
had already shown the wide divergence existing between Tilletia brevifaciens 
and T. caries in their biology. For the morphological separation of the two 
species, he noted that the reticulations on the dwarf bunt spores are more 
prominent and the areolae larger than on those of 7. caries. He records, 
also, the regular occurrence of a hyaline gelatinous sheath about the spores 
of 7. brevifaciens; such a sheath is absent in T. caries. 


Julius Kiihn (11), in 1874, erected Tilletia contraversa for a smut in the 
ovaries of Triticum repens L. The type was collected near Halle, Saxony, 
July 1873 by Kiihn (Rabh., F. europ. 1896). His diagnosis taken from the 
label is as follows: Tilletia sporis omnino sphaericis, 16-19 Mik. plerumque 
17 Mik. diam., fuscis, pellucidis, reticulato-costatis, costis limbo lucide pellucidis, 
Trilict repentis ovaria occupat, sed raro inventur. 


Besides the description, Kiihn compared his quack grass smut with wheat 
bunt. He emphasized the spherical shape of spores, the greater height of the 
ridges and the greater width across the meshes in his smut compared with 
T. caries. He thus anticipated Fischer’s characterization of T. brevifaciens. 
He also noted that whereas the spores of wheat bunt may readily be induced 


Fics. 1-6. Spores of Tilletia brevifaciens and T. contraversa showing gelatinous sheath 
about the spore. Photographs retouched for reproduction. X 950. T. brevifaciens (1) 
on Agropyron intermedium (Fischer, Gram. Smuts N. Am. 392) and (2) on Triticum 
aestivum (Fischer, ibid 293). 7. contraversa (3) on A. repens (Rabh., F. europ. 1896), (4) 
on A. rigidum var. tomentosum (Tranz. & Serebrian, Mycothec. ross. 55), (5) on T. glaucum 
(Linhart, F. hung. 402), and (6) on A. repens (Roumeguére, F. sel. exs. 4624). 


_ 
: 
aa 
‘a 
4 
“ag 
Ae 
poe 
24 
|: 
igh 
>- 


LATE | 


P 


2: 
— 
4 


4 
: 


CONNERS: DWARF BUNT 429 


to germinate, the spores of 7. contraversa fail to do so under the same condi- 
tions. From the type collection (BPI) the following description was drawn: 
Spores in mass a dark yellowish brown (Munsell 10.0 YR 4/4). Spores 
(Fig. 3) globose to subglobose, yellowish to pale brown, 15.5-17.0 X 
15.5-16.0u; meshes (1.0)—1.5-2.0u high, 3.0-4.5y across up to 9.5 long; 
gelatinous sheath about spores 0-O.5u (beyond reticulations) and about 
sterile smooth cells 0.5-3.0u. The presence of a gelatinous sheath about the 
spores of T. contraversa does not appear to have been reported previously. 
If the description of 7. contraversa is compared with that of 7. brevifaciens, it 
will be seen that the latter differs chiefly in the deeper color of its spores and 
the greater development in the gelatinous sheath. 

The similarity of the types warranted the continuation of the study. 
Accordingly, the principal specimens identified as Ti/letia contraversa available 
in the two herbaria were examined. These specimens were as follows: 

On Agropyron glaucum: Suisse: Prés de la Tour de la Batiaz sur Martigny, Canton de 
Valais, 26. vii. 1915, Eug. Mayor. 

On A. repens: Moravia: Briinn, vii. 1878, Niessl (Thiim., Mycoth. univ. 1217); Moravia: 
Briinn, vii, Niessl (Roum., F. sel. exs. 4624); Moravia: Brinn, Niessl (Kerner, Fl. exs. 
austro-hung. 351); Sachsen: Eisleben, Halle, viii.1891, G. Oertel (examined in place of 
Syd. Ustilag. 128, which is from the same collection); Moravia: Pouzdrany, vi. 1925, Appel. 

On A. rigidum var. tomentosum: Turkestan: Gultscha [Gulcha], dist. Osch, prov. Fergano, 
7-20. vii. 1900, Tranzschel (Tranz. & Serebrian., Mycoth. ross. 55) 

On Triticum glaucum: Saxonia bor.: ‘‘Asleben’’, ix.1878, J. Kunze (J. Kunze, F. sel. 
exs. 210); Hungary: Budapest, vii and x.1885, Czako (Linh., F. hung. 402); Montenegro: 
Nedajno, “‘in pratis alpinis’’, 3. viii. 1901, Bubak (Vestergr., Microm. rar. sel. 454a); Moravia, 
Nikolsburg, ix. 1910, F. Petrak (Petrak, Fl. Bohem. et Morav. exs., II. Serie, 1. Abt., Nr. 421). 

On T. intermedium: Helvetia: La Batiaz, Martigny, 12. viii. 1901, C. Schriter (Vestergr., 
Microm. rar. sel. 886a). 

On T. repens: Montenegro: Nedajno, ‘‘in pratis alpinis”’, 3. viii. 1901, Bubak (Vestergr., 
Microm. rar. sel. 454b); Dania: Skive, Jutland, 14. viii. 1904, J. Lind (V estergr., Microm. 
rar. sel. 886b); Montenegro: Borkovici, 23.viii.1904, Bubak (Syd., Ustilag. 371); Dania: 
Wiborg [Viborg], Jutland, vii. 1905, J. Lind (Syd., Ustilag. 394); Polonia: Ostrowiec, prope 
Kolomea, vii.1913, A. Wroblewski; Hungaria: ‘‘ad flumen Danubium, propre Pozsony, 
aetate”’, J. A. Baumler (Krypt. exs. ed. a Mus. Palatino Vindobon. 2301). 

When the data from the different specimens were compared, it appeared 
that they all belonged to a single species. The spores in mass on Agropyron 
repens (L.) Beauv. (Triticum repens) proved to be some shade of dark reddish 
or yellowish brown and those on A. intermedium (Host.) Beauv. (A. glaucum, 
Triticum intermedium, T. glaucum)*, and A. rigidum Beauv. var. tomentosum 
Regel were usually dark brown, while in one from Switzerland (Vestergr., 
Microm. rar. sel. 886a) the spore mass was almost black. On A. repens, the 
spores were globose to subglobose 16.0-17.5-(19.0) & 14.5-17.5-(19.0)y; 
meshes 0.5-2.0u high, chiefly 2.5-4.5u across, occasionally incomplete and 
up to 104 long; gelatinous sheath clearly present on some spores or at least 
about the sterile cells, 0.5-1.5-(3.0)u, very noticeable in a specimen from 
Czechoslovakia (Roum., F. sel. exs. 4624) (Fig. 6). On A. intermedium, 
spores were mostly 15.5-18.0-(19.5) 14.5-17.5-(19.5)u; meshes 
0.5-1.5y high, 1.5-5.0y across; gelatinous sheath 0.5-2.0y. 

Nothing has been recorded on the effect of Tilletia contraversa on the height 
of the affected plants. Fortunately, in specimen (Linh., F. hung. 409), 
several complete culms are preserved. Two culms, one 21 cm. and the other 

* T. glaucum Desf. 1815, not T. glaucum Moench 1794. 
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41 cm., are part of the same plant; other culms are 29-40 cm. in length. 
According to Hegi (8), normal culms of Agropyron intermedium are 
30-60-(100) cm. high. Thus, it appears that the smut does noticeably 
depress the height of the plant. 


Discussion 


If Tilletia contraversa and T. brevifaciens were only known from their type 
collections, it would be possible to separate the two species from each other, 
for the spores of 7. contraversa in the type collection are paler and slightly 
smaller than those of T. brevifaciens. When, however, a series of specimens 
of T. contraversa are examined both size and color of the spores differ consider- 
ably between collections and in some collections on Agropyron intermedium 
the size is the same and the color approaches that observed in spores of 
T. brevifaciens. Brefeld (2, p. 162), who studied the smut on Agropyron repens, 
speaks of the spores of T. contraversa being olive brown and in mass as forming 
a dark brown powder. On the other hand, Holton et al. (10) indicate that 
collections of dwarf bunt may vary considerably in color, spore size, markings, 
etc. (Holton e¢ a/., 10, p. 993, Fig. 1). It is therefore concluded that Tilletia 
brevifaciens G. W. Fisch. is not specifically distinct from, and must be reduced 
to synonomy under Tilletia contraversa Kiihn. 

Liro (12) proposed the new combination Tilletia tritici-repentis (DC.) Liro 
in 1935 for T. contraversa on Agropyron repens, based on Uredo segetum var. 
tritici-repentis DC. (Enc. Bot. 8 : 227. 1808). This binomial, however, lacks 
priority under the International Code of Botanical Nomenclature over the 
validly published T. contraversa. Nevertheless, Liro records that the smut of 
Agropyron repens was probably known to Plenck by 1794. 

It may also be noted that Brefeld (2) succeeded in germinating the spores 
of T. contraversa. When they failed to germinate under conditions suitable 
for the germination of spores of T. caries, he placed the unbroken bunt balls 
in moist earth in a cellar. The material lay there two years without germinat- 
ing. He observed marked changes in the spore ornamentation. First, a 
single spore was seen to have germinated, but after another six months spore 
germination was common. He then transferred the spore material to dry 
earth and after six months a few spores still germinated, but none germinated 
after a period exceeding three years. 

Liro (12) was of the opinion that Tilletia earlei Griffiths was closely related 
to T. contraversa. The former is an entirely distinct smut, as the description 
of Fischer (5) shows. The sori occur in the culms and the spores in the type 
collection (Griffiths, W. Am. Fungi 311) on Agropyron occidentale Scribn. 
(= A. smithii Rydb.) are pale yellow, coarsely tuberculate, the tubercles 
connected at their bases by low ridges, and surrounded by a gelatinous sheath. 
This smut is also reported on A. repens. 

Another smut worthy of mention here is Tilletia lolii Auersw. (KKlotzsch- 
Rabh., Herb. viv. myc. 1899. 1854), which attacks the ovaries of Lolium 
remotum Schrank. and other species of Lolium. A specimen (Jacz., Kom. & 
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Tranz., F. ross. 3) listed by Liro (12) yielded spores that were pale yellow, 
17.5-20.5 XK 17.5-19.5y (including reticulations); meshes 1.0—-1.8y high, 
1.5-3.0 across; gelatinous sheath absent. According to Liro, Kiihn found 
that the spores germinated readily in a manner similar to those of T. caries. 
When Fischer (4) showed that Tilletia brevifaciens was specifically distinct 
from and not merely a physiologic entity of 7. caries, it seemed likely that 
dwarf bunt of wheat was closely related to some grass smut. Regardless of 
the specific epithet applied to the organism causing dwarf bunt, it is suggested 
that this new wheat pathogen arose from a smut naturally affecting some of 
the native species of Agropyron present in the mountainous areas of Europe 
and eastward to the Caucasus and Turkestan. According to Liro (12), 
Nagorny reported Ti/letia contraversa on Agropyron cristatum, A. intermedium, 
and A. orientale in the Caucasus. Its introduction into North America may 
have been on wheat or on one of the species of Agropyron, now cultivated. 
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STUDIES OF WESTERN TREE RUSTS 
I. A NEW CONE RUST ON SITKA SPRUCE! 
By W. G. ZILLER? 


Abstract 


Local damage on the Queen Charlotte Islands to seed of Sitka spruce, Picea 
sitchensis, has led to the discovery of the causal agent, a new cone rust. At the: 
same time a new Chrysomyxa on the one-flowered pyrola, Moneses uniflora, was 
discovered in the same area. Evidence from observations in the field, from 
controlled inoculations, and from the similarity of markings on aeciospores and 
urediniospores has led to the conclusion that the cone rust is the aecial stage of 
an undescribed Chrysomyxa. The rust has been described and named Chryso- 
myxa monesis. It is feared that the rust may cause serious damage to spruce 
seed abroad unless its spread is prevented. Surface sterilization of spruce seed 
before export is therefore recommended. 


Introduction 


The work of Arthur and his associates has established the rusts as one of 
the best-known groups of fungi in North America. The rust species found in 
the northwestern part of this continent, however, have apparently received 
little attention. Consequently, a four-year survey of tree rusts in southern 
and central British Columbia, begun in 1949, yielded a large number of new 


In addition to furnishing many interesting and important data on 


the biology and economic significance of these forest parasites, the survey 
revealed that the life histories and taxonomy of about one-third of the species 
occurring in British Columbia are still more or less obscure. It will be the 
purpose of this series of papers to present new information on these less 
known tree rusts. 


Materials and Methods 


Since most tree rusts are heteroecious, alternate host inoculations are 
necessary to study their life histories. The methods of inoculation described 
in this paper will apply to all subsequent investigations unless otherwise 


Inoculations were made both in the greenhouse and in the field. If inocula- 
tion was made in the field, the plants used for inoculation as well as plants in 
their immediate vicinity were in an area where no natural rust infection 
could be found. 

To avoid chance infections the control plants were always prepared before 
the test plants. Sterile distilled water was applied to a twig or an entire 
plant with an atomizer and moist cotton was attached to its base. The twig 


1 Manuscript received November 13, 1953. 

Joint contribution from the Department of Botany, University of Toronto, Toronto, 
Ontario, and Contribution No. 115 from the Forest Biology Division, Science Service, 
Department of Agriculture, Ottawa, Canada. 

2 Assistant Forest Pathologist, Forest Biology Laboratory, Forest Pathology Unit, Victoria, 
British Columbia. 
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or plant was then enclosed in a loosely-tied plastic bag with the moist cotton 
partly protruding. Crowding of plant parts into the bag was avoided. A 
number of test plants of the same species and condition was then inoculated. 

Dry aeciospores or urediniospores were dusted or brushed on moist stomata- 
bearing surfaces of the test plants, which were prepared similarly to the 
controls. The practice of spraying the plants with spore suspensions by means 
of an atomizer gave unreliable results. Inoculation with teliospores was 
accomplished by placing above and around the plants to be inoculated plant 
parts bearing telia, which had already been moistened with water. The telial 
inoculum and test plant were then enclosed together in a plastic bag. The 
plastic bags, moist cotton, and plant parts bearing inoculum were removed 
from all plants after an incubation period of from two to three days. Thus, 
an attempt was made to provide the optimum conditions under which natural 
infection occurs. 

All material for microscopic examination and photomicrographs was 
mounted in lactophenol. Freehand sections were made with a section cutter 
and an alcohol-saturated elder pith. Before sectioning, dried plant parts 
were boiled in water until they sank. No stains were used. 


Field Observations 


Three rusted and insect-infested cones of Sitka spruce, Picea sitchensis 
(Bong.) Carr., were received from the Queen Charlotte Islands in late August 
of 1949. The general appearance of the rust was similar to that of Chrysomyxa 
pyrolae, but when the aeciospores were examined under the microscope the 
spore markings differed so strikingly from those of C. pyrolae that the late 
Prof. H. S. Jackson* agreed that the rust on these Sitka spruce cones could 
not be that species, but must belong to a new species of Chrysomyxa. Early 
in September, 1951, a large collection of the same rust was received from the 
same locality near Massett on the north shore of Graham Island. 

In May, 1952, one plant of Moneses uniflora (L.) Gray rusted with uredinia 
and a few telia of a Chrysomyxa was received from an area 50 miles south of 
Massett. This rust, also, appeared to be very similar to C. pyrolae except 
for its different spore markings, which were of the same type as those observed 
on the aeciospores of the new cone rust (Figs. 1-8). 

No signs of rust could be found on spruce cones during an inspection trip 
in the Queen Charlotte Islands in July of the same year, but the rust on 
Moneses was present in variable abundance. It was particularly heavy on 
plants growing directly beneath and adjacent to the trees from which the 
rusted cones were collected in 1949 and 1951. Species of Pyrola were not 
encountered, although P. secunda L. is known to occur on the Islands. 

A number of apparently healthy Moneses plants from locations on the 
Queen Charlotte Islands, where the rust was not observed, were transplanted 
to a greenhouse in Victoria. A number of rust-infected Moneses plants were 
also transplanted, but to a different location, near Victoria (Cordova Bay). 


* Former Head of the Department of Botany, University of Toronto, Toronto, Ont. 
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The healthy plants have since shown no symptoms of rust, whereas the 
uredinia of the rusted plants persisted throughout the winter, and an abundant 
crop of new uredinia and telia appeared early in March of the following year. 

In an effort to estimate the host range and geographical distribution of the 
new rust, 49 specimens of rusted spruce cones and 70 specimens of Pyrola 
and Moneses from regions throughout North America were examined. The 
examination revealed six additional records of the new Chrysomyxa on 
Moneses, but no additional records of the new Peridermium on spruce could 
be found. Most of the specimens received on loan were Chrysomyxa pyrolae 
on Picea, Pyrola, and Moneses species, including two records of Chrysomyxa 
pyrolae on cones of Sitka spruce in Alaska. 


Inoculations 


On Sept. 12, 1952, three inoculations of healthy Moneses uniflora, two of 
Pyrola uliginosa Torr., and one of P. secunda were made with fresh aeciospores 
of the new cone rust. The source of inoculum was one rusted Sitka spruce 
cone from a collection made near Massett, Queen Charlotte Islands, on 
Sept. 9, 1952. 

By Dec. 5, 1952, five uredinia had appeared on one lower leaf of Moneses 
uniflora. By Mar. 3, 1953, uredinia and telia had appeared on the lower stem 
and leaves of all inoculated plants of M. uniflora and two new sprouts of 
rusted M. uniflora had emerged from the roots of inoculated plants. All 
inoculated Pyrola plants, all controls, and all uninoculated plants remained 
without evidence of infection. Specimens of the newly-produced uredinio- 
spores on the Moneses plants were examined and found to belong to the new 
species of Chrysomyxa. 


Taxonomy 


The catenulate aeciospores with peridia place the new cone rust on spruce 
in the form genus Peridermium. The sessile teliospores of the stage on Moneses 
are united laterally into columns; they are nongelatinous, one-celled, and, 
like the urediniospores, they are borne in chains. This rust, therefore, belongs 
to the genus Chrysomyxa Unger, family Melampsoraceae (2). 

Three considerations provide evidence that the Peridermium on Sitka spruce 
is the aecial stage of the Chrysomyxa on Moneses: 

1. Field observations.—All collections of the Peridermium were made from 
spruce growing directly above and beside Moneses plants which were rusted 
with the Chrysomyxa. The known geographical distribution of this Chryso- 
myxa coincides with and only slightly exceeds the geographical distribution of 
Sitka spruce, the only known host of the Peridermium. Unlike Chrysomyxa 
pyrolae, this new Chrysomyxa does not seem to occur in areas where Sitka 
spruce is absent (central and eastern North America, Europe). 

2. Inoculation results.—The new Chrysomyxa has been produced repeatedly 
by controlled inoculations on Moneses plants with aeciospores of the Peri- 
dermium. It would be desirable to produce the Peridermium on spruce cones 


| 


Fics. 1-4. Chrysomyxa monesis.—FiG. 1. Aeciospores, X 342. Fic. 2. Same, 
xX 684. Fic. 3. Urediniospores, 342. Fic. 4. Same, 684. 

Fics. 5-8. C. pyrolae.--FiG. 5. Aeciospores, X 342. Fic. 6. Same, X 684. 
Fic. 7. Urediniospores, X 342. Fic. 8 Same, X 684. 

Note the resemblance of aeciospores to urediniospores in each species, and the difference 
in spore wall markings between the two species. 
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by controlled inoculation with telia of the new Chrysomyxa, in order to repro- 
duce the entire life cycle under controlled conditions and thus confirm the 
connection of the two stages. 

3. Resemblance of spores and habit.—Savile (5, p. 319) made the following 
observations: ‘“‘An important characteristic of the genus Chrysomyxa is the 
marked tendency for resemblance both of aeciospores to urediniospores of the 
same species and of habit in the alternate hosts.... This characteristic 
allows one to prognosticate with some confidence the appearance of undis- 
covered aecial stages or the relationship of unidentified ones.”’ 

The diagnosis and accompanying figures show this resemblance of aecio- 
spores to urediniospores as well as the resemblance of habit in the alternate 
hosts, thus indicating the connection of the two stages. 

The rust resembles C. pyrolae most closely but differs consistently from that 
species in the markings of its aeciospores and urediniospores. Its host range 
and geographical distribution also appear to be more limited than in C. pyrolae. 
Mainly because of the distinct morphology of its spores, the following new 
name is proposed for the rust: 


Chrysomyxa monesis sp. nov. 0, I, II, et III. 


Pycnia confluentia in squamis. Aecidia in squamis, prope basas squamarum 
inter bracteas et squamas, plerumque confluentia, erumpentia, pulverulenta 
cum maturata, 3-4 X 4-6 mm. diam. Peridium irregulariter convexum, 
evanescens. Cellulae peridii in superficie visae ovoideae usque ad sub- 
globosae, rugosae, laciniatae, 32-50 X 40-60 yw; parietes laterales projecturis 
inclusis 4-6 uw crass. Aecidiosporae forma variae, a fusiformibus et clavatis 
oblongatae et late ovoideae, (14) 17-25 X 29-45 (60) w. Parietes sporarum 
hyalini, aequaliter 1-2 uw crass. projecturis exclusis; projecturae in sectione 
media visae rectangulares et striatae, nec condensae, (1.5) 2-3 (4) mu alt.; 
projecturae in superficie visae irregulariter stellatae, plerumque confluentes 
et ergo elongatae, nec condensae, 1-2.5 mw lat. K 1-6 (10) w long. K 2-4 yu 
a centro ad centrum projecturis elongatis exclusis. Spatia inter projecturas 
1-2 w; superficies sporarum nunquam reticulata nec tessellata, projecturis 
tertiam partem vel minus superficiei occupandibus. 

Uredinia aequaliter distributa, hypohylla vel raro amphigena, pallida et 
lutea, rotunda, a pulvinates hemisphaerica, pulverulenta, 200-600 uw diam. 
Peridium corium duplex cellularum. Maturae cellulae peridii evanescentes 
et obscurae, ab oblongatis ovoideae per obliquum visae; plus minusve uno 
diametro, 8-12 X 14-20 wa superficie visae; pariete tenue, leve, 0.5 yu crass. 
Urediniosporae ellipsoideae, obovoideae, 15-22 X 23-34 (38) mu, episporio 
hyalino, aequaliter crasso, 0.5-1.0 w projecturis exclusis; projecturae, in 
sectione media visae, rectangulae, striatae, non densae, 1.0-2.5 uw alt.; 
projecturae, superficie visae, inaequaliter stellatae, plerumque confluentes 
itaque elongatae, nec densae, 1-2 lat. X 1-4 (8) mw long. X 1.5-2.5 (3) 
a centro ad centrum projecturis elongatis exclusis, spatia inter projecturis 
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0.5-1.5 uw; superficies sporarum nunquam reticulata nec tessellata, projec- 
turis tertiam partem vel minus superficiei occupandibus. Telia aequaliter 
distributa, hypophylla et in petiolis, cerea, lutea, degenerant fusco fulva in 
senectute, pulvinata, rotunda, 200-500 uw diam. Teleutosporae irregulariter 
oblongae vel ellipsoideae, 6-12 & 12-22 yu, catenulis 130 uw vel minus longis, 
pariete leve, hyalino, aequaliter 1 y vel minus crasso. 

Habitatio in squamis conorum Piceae sitchensis (Bong.) Carr., et in foliis, 
sepalis, petalis, petiolis, et scapis Monesis uniflorae (L.) Gray et M. uniflorae 
var. reticulatae (Nutt.) Blake in Alaska et Washington, United States of 
America, et in British Columbia, Canada. 


Chrysomyxa monesis n. sp. 0, I, II, and III 

Pycnia episquamous, confluent, forming irregular continuous layers 
500-700 w broad. 

Aecia episquamous, at base of scale between bract and scale, irregular in 
outline, usually confluent, erumpent, becoming pulverulent at maturity, 
about 3-4 X 4-6 mm. in diameter. Peridium irregularly convex, evanescent. 
Peridial cells in surface view ovoid to subglobose, rugose, laciniate, 32-50 X 
40-60 uw; side walls including projections 4-6 yw thick. Aeciospores variable 
in shape from fusiform and clavate to oblong and broadly ovoid, (14) 17-25 X 
29-45 (60) uw. Spore wall, excluding projections, hyaline, evenly 1—2 wu thick; 
projections in optical section of spore rectangular and fluted, not crowded, 
(1.5) 2-3 (4) whigh; projections in surface view irregularly stellate, commonly 
confluent and thus elongate, not crowded, 1-2.5 w wide X 1.6 (10) yu 
long X 2-4 w spacing from center to center excluding elongate projections. 
Spaces between projections 1-2 uw, spore surface never appearing reticulate 
nor tessellate, projections occupying one-third of spore surface or less (Figs. 
1 and 2). 

Uredinia evenly distributed, hypophyllous and occasionally amphigenous, 
light orange yellow, round, pulvinate to hemispherical, pulverulent, 200-600 yu 
in diameter. Peridium a double layer of peridial cells. Peridial cells evanes- 
cent and inconspicuous at maturity, oblong to ovoid in side view; more or 
less isodiametric and polygonal in surface view, 8-12 XK 14-20 uw; wails of 
peridial cells smooth, 0.5 mw thick. Urediniospores ellipsoid or obovoid, 
15-22 X 23-34 (38) mw; urediniospore walls, excluding projections, hyaline, 
evenly 0.5-1.0 uw thick; projections in optical section of spore rectangular 
and fluted, not crowded, 1.0-2.5 uw high; projections in surface view of spore 
irregularly stellate, commonly confluent and thus elongate, not crowded, 
1-2 uw wide X 1-4 (8) w long X 1.5-2.5 (3) uw spacing from center to center 
excluding elongate projections, spaces between projections 0.5—-1.5 mu; spore 
surface never appearing reticulate or tessellate, projections occupying one- 
third of spore surface or less (Figs. 3 and 4). 


Telia evenly distributed, hypophyllous and on petioles, waxy, yellow, 
turning to dark brown with age, pulvinate, erumpent, round, 200-500 yu in 
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diameter. Teliospores irregularly oblong or ellipsoid, 6-12 % 12-22 yw, in 
chains up to 130 yw long; teliospore wall smooth, hyaline, uniformly 1 yu 
thick or less. 

More or less systemic in cones of Picea, systemic and perennial in entire 
plants of Moneses. Habitat on cone scales of Picea sitchensis (Bong.) Carr.; 
and on leaves, petioles, scapes, sepals, and petals of Moneses uniflora (L.) 
Gray and M. uniflora var. reticulata (Nutt.) Blake in Alaska and Washington, 
United States of America, and in British Columbia, Canada. 

Specimens examined: ALASKA, U.S.A.: On Moneses uniflora—Sitka, May 
10,1914. J. P. Anderson, Herb. Arth. 4619 (II, III). Glacier Bay, June 28, 
1928, J. P. Anderson, Herb. Anderson 722 R., Iowa State College (II). Herbert 
River, July 21, 1952, R. Sprague, Herb. Washington State College 24344 (II). 
On M. uniflora var. reticulata—Tenakee, June 27, 1923, J. P. Anderson, Herb. 
Arth. 4614 (II). Hyder, July 1, 1939, J. P. Anderson, Herb. Anderson 
5592 R., Iowa State College (II). 


BritisH CoLumBiA, Canada: On Picea sitchensis—Massett, Q. C. L., 
Aug. 25, 1949, J. M. T. Hughes, DAVFP* 5064 (I). Massett, Q. C. L., 
Sept. 15, 1951, H. B. Hammer and J. M. T. Hughes, DAVFP 7142, DAOM** 
36511, Herb. Arth. 53313 (0, I). Massett, Q. C. I., Sept. 9, 1952, H. Gray, 
DAVFP 7893 (0, I) used for greenhouse inoculations. On M. uniflora— 
Skidegate Village, Q. C. I., May 23, 1952, R. L. Schmidt, DAVFP 7837 
(II, III). Sandspit, Q. C. L., June 30, 1952, J. Kuijt, DAVFP 7768 (II). 
Massett, Q. C. I., July 7, 1952, W. G. Ziller, DAVFP 7759, DAOM** 36510, 
Herb. Arth. 53312 (II, III). Type—Queen Charlotte City, Q. C. I., July 10, 
1952, W. G. Ziller, DAVFP 7789 (II, III). Falkland, July 28, 1952, W. G. 
Ziller DAVFP 7843 (II, III). Hope, July 30, 1952, W. G. Ziller, DAVFP 
8156 (II). Kelsey Bay, Vancouver Island, July 30, 1952. R. L. Schmidt, 
DAVFP 7903 (II). Victoria, Feb. 16, 1953, W. G. Ziller, DAVFP 8381, 
artificially produced infections (II, III). 


WasHInGTon, U.S.A.: On M. uniflora—North Cove ?, Apr. 15, 1908, 
J. C. Frye, Herb. Arth. 4617 (II, III). 

To emphasize the characteristics separating Chrysomyxa monesis from other 
species of Chrysomyxa the following amendments to Savile’s keys to the 
North American species of Chrysomyxa (5, p. 320) are suggested: 

Change the last two lines of the Key to Peridermia to: 


1. More or less systemic in cones of Picea 


6. Warts crowded, entire, and polygonal in surface view.............. Sebameme C. pyrolae 

6. Warts spaced widely, irregularly stellate, fluted, never appearing polygonal in surface 

1. Systemic in stunted shoots and leaves of C. woronint 


és * Herbarium of the Department of Agriculture, Forest Biology Laboratory, Victoria, B.C., 
‘anada. 

** Mycological Herbarium, Botany and Plant Pathology Division, Department of Agri- 
culture, Ottawa, Canada. 


438 CANADIAN JOURNAL OF BOTANY. VOL. 32 


Change the last six lines of the Key to Uredinia and Telia to: 
9. Urediniospore warts fluted 

10. Urediniospore walls including warts 1-2.5 yu thick; peridial cells in a single layer (4). 


10. Urediniospore walls including warts 1.5-3.5 gw thick; peridial cells in a double layer. 
1. Uredinia lacking 
11. Telia localized, on Arctostaphylos leaves C. arctostaphyli 
Discussion 


Savile (5, pp. 318-319), commenting on the importance of spore wall mark- 
ings as diagnostic characters of species of Chrysomyxa, states: ‘‘Inadequate 
evaluation of these characters had led in the past to the suggestion of apparent 
distinctions and the concealment of real ones... The characterization of 
wall markings as low or high, fine or coarse is of limited value. It is sometimes 
necessary to record the range of heights, widths, and spacings of warts, 
disregarding any obvious abnormalities.” 

Savile’s amendments to the diagnosis of C. pyrolae (5, p. 326) led to the 
recognition of C. monesis as a new species, distinct from C. pyrolae. C. pyrolae 
Rostr. sensu Arthur (2, p. 118 and p. 688) thus included two species: C. pyrolae 
Rostr. sensu Savile (5, p. 326) and C. monesis. Re-examinations of old 
specimens showed that C. monesis had been collected on Moneses since 1908 
but had been identified as C. pyrolae, because it fitted the description given 
by Arthur (2, p. 118). No collections of C. monesis on spruce seem to have 
been made before 1949. 

The possibility that C. monesis has been introduced to North America seems 
very remote. It closely resembles C. pyrolae but appears to be more restricted 
in host range as well as geographical distribution. Its discovery resulted 
from the damage it caused to Sitka spruce seed near Massett, Queen Charlotte 
Islands. Sitka spruce is a major forest tree species on the Queen Charlotte 
Islands and is a species commonly planted in Great Britain. In past years 
an average of 1,000 lb. of spruce seed has been exported to Great Britain 
annually from the Queen Charlotte Islands. An appreciable number of cones 
did not set seed because of the rust, and commercial seed collecting in one area 
of the Queen Charlotte Islands has therefore been discontinued. 

If spruce seed is obtained from areas infested with spruce cone rust, some 
spores will of necessity come in contact and adhere to the healthy, cleaned 
seed. After such seed is exported, some of the adhering spores will become 
airborne and able to infect susceptible alternate hosts, if they remain viable. 
Nothing is known of the longevity of the aeciospores of C. monesis, but 
aeciospores of other rusts, as Cronartium ribicola and species of Gymno- 
Sporangium, can retain their viability for several months (1, pp. 222-223; 
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3, pp. 390-391). It is quite possible, therefore, that the rust may at some 
time become established on European suscepts and cause more severe damage 
to them than it now causes to its hosts in western North America. In view 
of such a possibility, the writer recommends that all spruce seed be surface- 
sterilized before export, especially because the expense of seed treatment is 
negligible in comparison to the cost of spruce seed. A non-mercurial seed 
dressing which would not impair germination of the spruce seed, such as 
Phygon, is recommended.* 


Acknowledgments 


The writer wishes to express his appreciation of the sincere interest shown 
in this project by a number of co-operators. He is especially indebted to the 
late Prof. H. S. Jackson of the Department of Botany, University of Toronto, 
under whose direction the study was begun; to Mr. I. L. Conners, Mycologist, 
Botany and Plant Pathology Division, Ottawa, Canada, and Prof. G. B. 
Cummins, Purdue University Agricultural Experiment Station, Lafayette, 
Indiana, for criticism and advice in preparation of the manuscript; to Messrs. 
J. M. T. Hughes, Forest Biology Division; R. L. Schmidt and H. B. Hammer, 
British Columbia Forest Service; and H. Gray, Massett, Queen Charlotte 
Islands, British Columbia, for collection of specimens. 


References 


1. ArtHuR, J.C. The plant rusts (Uredinales). Join Wiley & Sons, Inc., New York. 1929. 

2. ArtuHur, J. C., et al. Uredinales. North Am. Flora, 7. 1907-1927. 

3. Butter, A. H. R. Researches on fungi. VII. The sexual process in the Uredinales, 
University of Toronto Press, Toronto. 1950. 

4. Fautt, J. H. Two spruce-infecting rusts, Chrysomyxa piperiana and C. chiogenis. J. 
Arnold Arboretum (Harvard Univ.), 17 : 109-114. 1936. 


5. SaviLe, D. B. O. North American species of Chrysomyxa. Can. J. Research, C, 28: 
318-330. 1950. 


* By Dr. A. J. Skolko, Senior Plant Pathologist, Science Service, Department of Agriculture, 
Ottawa, Canada. 


yi 
: 


A CYTOLOGICAL STUDY OF ASCUS DEVELOPMENT 
IN PYRONEMA CONFLUENS TUL.' 


By D. L. McIntosH? 


Abstract 


A cytological study of Pyronema confluens has revealed that only one meiosis 
occurs in the ascus, and that the haploid chromosome complement is probably 12. 
Differences in size and staining properties were noted between nuclei of the 
ascogenous hyphae and paraphyses. Diplotene chromosomes are linearly 
differentiated into heterochromatic knobs and achromatic intercalary segments 
that could not be differentiated from the cytoplasm with either basic fuchsin 
or propiono-carmine. 


The controversy regarding nuclear behavior in the ascomycetes that has 
arisen from claims made for the occurrence of two functional nuclear fusions, 
followed by two reduction divisions of the ascus nucleus within a single life 
cycle, is well-known to students of mycology. One of the species that has 
been prominent in this controversy is Pyronema confluens Tul. (Pyronema 
omphalodes (Bull.) Fuckel). It has been the subject of many cytological 
investigations and many conflicting claims concerning the details of fertiliza- 
tion, subsequent nuclear behavior, and chromosome number have been made. 
Olive (12) has provided an excellent summary of previous cytological studies 
of P. confluens, and only those accounts that are closely pertinent to this 
investigation are reviewed here. 

Claussen (1) reported a single nuclear fusion and reduction division in the 


ascus and believed the haploid chromosome complement to be 12. Gwynne- 


Vaughan and Williamson (4) described two nuclear fusions, one in the asco- 
gonium followed by one in the young ascus, to create a tetraploid nucleus. 
Two reduction divisions (brachymeiosis) in the ascus restored the haploid 
number, which they believed to be 6. They reported 12 bivalents (gemini) 
at metaphase I, six bivalents at metaphase II, and six chromosomes at meta- 
phase III. Moreau and Moreau (10) questioned the occurrence of brachy- 
meiosis in the ascomycetes and their account of chromosome numbers during 
the three divisions of the ascus nucleus agrees with that of Claussen. Recently, 
Hirsch (6) published photomicrographs which tend to support the claims of 
Claussen and Moreau and Moreau that there is only one meiosis in the ascus. 
Wilson (15) described the development of the ascogenous hyphae of P. confluens, 
and counted 12 chromosomes at metaphase in the ascogenous hyphae and 
12 bivalents at late diplotene in the ascus. 

This report presents a pictorial record and description of meiosis in the 
ascus of P. confluens with photographic evidence that brachymeiosis does not 
occur, and that the haploid complement is probably 12. 

1 Manuscript received February 4, 1954. 
Contribution from the Department of Botany, University of Toronto, Toronto, Ontario. 
Part of a thesis presented to the University of Toronto in 1951 in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 
2 At the time, Graduate Assistant, and previously, holder of an Agricultural Institute of 


Canada Scholarship in the Department of Botany, University of Toronto; now Associate Plant 
Pathologist, Laboratory of Plant Pathology, Summerland, Pritish Columbia. 
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Materials and Methods 


Single spores were isolated from fruiting bodies growing on sterilized soil 
in the greenhouse and planted on nutrient agar in Petri dishes. Claussen’s 
agar (1) using either inulin, or sterilized soil substituted for agar, in the inner 
dish, proved the most suitable medium. One of these monospore cultures 
was selected for a parent strain. Fruiting bodies with asci and ascospores 
were produced in five to six days on plates that were placed in the east window 
of a greenhouse kept at about 24° C. 


Before selecting material for fixation from any one culture, an apothecium 
was mounted directly in propiono-carmine, squashed under a cover slip, and 
examined under the microscope to determine the stage of development and 
frequency of division figures. In this way the presence of desired stages in 
any culture could be determined quickly, and suitable material selected with 
certainty. 

Fruiting bodies were fixed in a mixture of three parts 95% ethyl alcohol 
and one part glacial acetic acid. Following fixation, the apothecia were 
washed in water, treated with snail stomach cytase, stained by the Feulgen 
reaction, and mounted in propiono-carmine (8). 


Critical studies of the preparations were made with a Leitz Wetzlar 1/12 
Fluorite oil immersion objective, N.A. 1.32, and an oil-immersed, achromatic 
condenser N.A. 1.40. The photomicrographs were taken through a Farrand 
interference filter (576 my transmitted) with a Leica 35 mm. camera, on 
Dupont microcopy panchromatic film. 


Observations 


The nuclei in antheridia and ascogonia of P. confluens are extremely small 
and no details of plasmogamy or subsequent nuclear behavior in the ascogonia 
were obtained from examination of mounts of sexual structures. 

Striking differences were noted between nuclei of the ascogenous hyphae 
and those of the paraphyses. In Fig. 1 the nuclei in the ascogenous hypha 
are expanded and possess a large nucleolus and faintly-staining chromosomes. 
By contrast, the nuclei in the paraphysis in Fig. 2 are compact and darkly 
stained. No nucleoli have been detected in any vegetative nuclei. Possibly 
they are obscured by the compactness of the chromosomes. Nuclear divisions 
in the ascogenous hyphae were not encountered. Claussen (1) reported that 
male and female nuclei were paired in the ascogenous hyphae, and divided 
conjugately. Wilson (15) states that the nuclei in the ascogenous hypha of 
her strain of P. confluens divide simultaneously, but not conjugately. 


Progressive stages in crozier development and ascus formation are illustrated 
in Figs. 3 to 10. Fig. 3 illustrates the eccentric position of the nucleolus and 
the increasing chromaticity of the chromosomes during prophase of division, 
in the crozier. Crozier nuclei divide simultaneously. The chromosomes 
during metaphase in the crozier were too closely aggregated (Fig. 4) to permit 
an accurate count, but there were approximately 12 chromosomes present. 


| 
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Both the zygote nucleus and the ascus increase in size following nuclear 
fusion. McClintock (7) and Singleton (13) found that the chromosomes of 
Neurospora crassa contract after nuclear fusion and that homologous chromo- 
somes begin to synapse while in a highly contracted state. However there 
was no clear indication in this study that synapsis was initiated between fully 
contracted chromosomes. The exact stage at which pairing of the chromo- 
somes occurred was not determined, nor the manner in which the physical 
association begins, i.e. at one or both ends or randomly. Two stages in ascus 
development are shown in Figs.9 and 10. In Fig. 9 the chromosomes appear 
contracted into a compact mass at one side of the nucleolus. In Fig. 10, they 
appear longer and more diffuse, but it is not possible to tell whether they 
are paired. 

As the ascus increases in size the nucleolus enlarges and the chromosomes 
appear longer and more dispersed. In Figs. 11 and 12 they resemble the 
pachytene chromosomes of higher organisms. Chromomere-like structures 
are manifest at this stage, occupying both terminal and interstitial positions 
on the chromosomes, but their number and position on the chromosomes could 
not be mapped. In stages like that shown in Fig. 12 their doubleness can be 
seen under the microscope and there is some suggestion of this in one terminal 
chromomere in the photograph (arrow). No figures were found in which the 
threads were separated sufficiently at pachytene to determine their number 
and relative lengths. Pachytene chromosomes are stained only faintly by the 
Feulgen reaction and their appearance in Fig. 12 is largely due to the propiono- 
carmine in which the apothecium was squashed. . 

The interval between pachytene and diplotene seems relatively short 
judging by the scarcity of intermediate stages. As the chromosomes contract 
they become differentiated into chromatic and achromatic regions. Darkly- 
staining knobs appear, with faintly-staining intercalary segments. 

The lack of a series of transition stages from pachytene to diplotene has 
made it difficult to determine the number and arrangement of these chromatic 
knobs on each chromosome. One such transition stage is illustrated in Fig. 13. 
Two of the chromosomes have both terminal and interstitial knobs while on 
others only terminal knobs are seen. 


Fics. 1-34. All X1500. Fic.1. Nuclei in an ascogenous hypha. Note prominent 
nucleoli. Fic. 2. Paraphysis nuclei. Fics. 3 to 5. Prophase, metaphase, and telophase 
nuclei, respectively in crozier. Fic. 6. Interphase prior to formation of cross-walls. 
Fics. 7, 8. Stages in ascus formation prior to nuclear fusion. In FIG. 8 tip cell is fusing 
with stalk cell. Fics. 9, 10. Stages in ascus development following nuclear fusion, 
showing enlargement of zygote nucleus. Fics.11,12. Pachytene. There is a suggestion 
of doubleness in the chromosome to which the arrow is pointing. Fic. 13. Early diplotene, 
showing the achromatic segments and chromatic knobs. Fics. 14 to 20. _ Diplotene 
stages. The nonstained, intercalary segments in Fics. 14 to 18 cannot be differentiated 
from the cytoplasm. Note orientation of chromatic bodies in Fics. 19, 20 as the bivalents 
attain maximum contraction. 21. Diakinesis. Fics. 22,23. MetaphaselI. Fic. 24. 
Metaphase I spindle. Fics. 25, 26. Anaphase I. Fic. 27. Telophase I. Fic. 28. 
Interphase I. Note persistence of nucleolus from Division I. Fic. 29. Prophase II. 
Fics. 30,31. Metaphase II. Fic. 31. ‘‘Lower’’ nucleus of Fic. 30 infocus. Fics. 32, 33. 
Anaphase IJ. Fic. 34. Telophase II. 
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About 22 of these darkly-staining regions can be counted in Fig. 13 and 
this approximate number prevails throughout similar and later diplotene 
configurations (Figs. 14-20). Since mapping of the pachytene chromosomes 
was not possible, the relation between the number and locus of the chromo- 
mere-like structures seen at pachytene to those of the pycnotic regions seen 
at diplotene is not known. 

As contraction continues, the chromosomes become distributed about the 
periphery of the nucleus (Fig. 14). The intercalary segments have become 
so faint that they can no longer be differentiated from the cytoplasm. There 
is now no visible connection between the separate stained bodies and no indica- 
tion of their relation in the chromosome complement. 

While there may be some decrease in the size of the pycnotic knobs from 
that shown in Fig. 13, the formation of compact bivalents probably is accom- 
plished by contraction of the achromatic segments. Orientation of the darkly 
stained bodies into bivalents of different lengths becomes evident as the 
chromosomes attain maximum contraction. Progressive stages are illustrated 
in Figs. 15 to 21. Some of the bivalents in these figures resemble those of 
higher organisms but no figures were encountered that were as readily inter- 
preted in terms of chiasmata as those figured by Wilson (15) and Singleton (13). 

Between pachytene and diplotene the nucleolus becomes detached from the 
chromosomes and drifts into the cytoplasm, but there is no apparent reduction 
in its size. One of the bivalents in Fig. 13 is seen closely associated with the 
nucleolus but no particular chromosome was identified as the nucleolar 
chromosome. 

Differences in morphology of the bivalents at metaphase I are shown in 
Fig. 23, and their arrangement on the spindle is illustrated in Fig. 24. In 
Fig. 24 the bivalents are displaced from the equatorial plane towards one or 
the other of the poles but this may be the result of squashing the ascus. The 
spindle has been stained with propiono-carmine in material stored in the 
fixative for several days. 

It appeared possible that certain chromosomes at least might be recognizable 
in all divisions by differences in their morphology, and the number and arrange- 
ment of the heterochromatic blocks. Attempts were made to number them 
at metaphase I and to identify them at later stages, but differences in their 
size and shape, even as shown at anaphase I in Fig. 26, were not sufficient to 
permit positive reidentification. In the anaphase I nucleus in Fig. 26, 
12 chromosomes were counted in the group on the left, although one is out of 
focus in the photograph. 


The nucleolus assumed various forms during Division I, some of which are 
illustrated in Figs. 14, 15, 16, and 21. The nucleolus persisted during meta- 
phase, during chromosome separation at anaphase, and often remained in the 
cytoplasm through telophase (Fig. 27) and interphase (Fig. 28). Disintegration 
is probably complete by prophase II. Persistence of the nucleolus until 
telophase has been reported also for Neurospora crassa (7) and Patella melaloma 
(11), but such behavior is not general throughout the ascomycetes since the 
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nucleolus disappears in the early stages of Division I in both Glomerella (14) 
and Hypomyces solani f. cucurbitae (5) and does not reappear until after 
delimitation of the ascospores. In all three divisions of the ascus nucleus of 
P. confluens the nucleolus persisted through metaphase, anaphase, and 
telophase. New nucleoli are formed in each daughter nucleus following 
telophase, and are prominent during interphase (Figs. 28 and 35). With the 
onset of interphase following each division the chromatin is much less con- 
spicuous (Figs. 28 and 35) since it is dispersed by enlargement of the nucleus. 
This condition prevails until the chromosomes contract during the next division. 

At metaphase II (Figs. 30 and 31), no doubleness could be detected in the 
chromosomes. Heterochromatic regions are sometimes evident at this stage, 
and it is difficult in some cases to determine whether or not two stained 
bodies lying close together represent the two chromatids of one chromosome 
or two small chromosomes. 

The spindles elongate considerably during anaphase and telophase, judging 
by the distance between sister nuclei in Fig. 34. Nonsister nuclei often occupy 
positions opposite one another in the ascus at telophase, and possibly slip 
past one another before the next division. 

The frequency of division figures decreases from Division I onward, suggest- 
ing that each division occupies a shorter period than the one preceding it. 
Suitable figures of dividing nuclei of Division III were relatively rare, and 
absolutely convincing counts at metaphase III were difficult to obtain. 
However, figures such as 36 and 37 leave no doubt that the number of con- 
figurations is approximately the same as at metaphase I and is not reduced to 6. 

No spindles were detected at metaphase III, but apparently anaphase nuclei 
may be oriented horizontally, obliquely, or vertically within the same ascus 
(Fig. 38). The nuclear arrangement in Fig. 38 has undoubtedly been dis- 
torted by squashing but it is conceivable that when nuclei are closely grouped 
during division, identification of sister nuclei at telophase would be difficult. 
If nonsister nuclei slip past one another, false inferences might be drawn from 
the isolation of ascospores in order from individual asci. 

The chromosomes in anaphase nuclei are very small (Fig. 38) and closely 
grouped, and their exact number was not determined. However, no evidence 
was found that would indicate a second reduction had occurred during the 
second and third divisions. 

Mature spores have very heavy walls and the nucleus did not stain with 
either propiono-carmine or the Feulgen reaction. The nuclear outline only 
could be distinguished. There was no evidence of nuclear division before 
spore germination. The chromosomes in the germinating spore and vegetative 
hyphae are extremely small, and it was not possible to count them for con- 
firmation of the haploid complement. 


Discussion 


The classical methods of sectioning and staining that were used in early 
cytological studies of the ascomycetes were, alone, quite inadequate in many 
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cases for accurate observations on nuclear behavior and chromosome number 
in such refractory material. Asa result, considerable controversy concerning 
sexuality in the ascomycetes arose from conflicting reports that were issued 
regarding the occurrence of a double nuclear fusion followed by a double 
reduction division (brachymeiosis) in a single life cycle. Some of the con- 
troversial species have been re-examined recently with cytological techniques 
that have permitted a more critical analysis of their nuclear phenomena than 
those formerly used. Olive (11) found that brachymeiosis does not occur in 
Patella melaloma, contrary to the claim of Gwynne-Vaughan (3), and in his 
report has reviewed the evidence on which the theory of brachymeiosis was 
based. Hirsch (6) and Wood (16) in their respective studies of P. confluens 
and Ascobolus magnificus, also contradicted earlier claims that brachymeiosis 
occurs in those species. The evidence obtained in this investigation, also, 
supports the contention that the theory of brachymeiosis is untenable. 

The nature of the diplotene chromosomes of P. confluens, with their linear 
differentiation into darkly-staining knobs and achromatic intercalary segments 
that could not be differentiated from the cytoplasm with either propiono- 
carmine or basic fuchsin, has made very difficult reconciliation of the number of 
stained bodies seen at diplotene with the chromosome complement and has pre- 
vented an exact determination of the haploid number. However the evidence 
in Figs. 21 and 23 indicates that the haploid complement is probably 12, as 
previously reported by Claussen (1), Moreau and Moreau (10), and Wilson 
(15), and not 6 as claimed by Gwynne-Vaughan and Williamson (4). 

The phenomenon of linear differentiation of chromosomes into chromatic 
and achromatic portions apparently is not uncommon in the ascomycetes. 
Martens (9, p. 192) has listed several genera in which ‘“‘prochromosomes”’ are 
found during prophase, and has suggested this as a source of confusion in 
determining chromosome number. Claussen (1) noted in his study of P. con- 
fluens that ‘“‘the chromatin bodies are at first joined together by fine threads 
which later disappear’. Colson (2) reported that just before the first division 
in Neurospora tetrasperma ‘‘the definitive ascus nucleus shows a number of 
chromatin bodies. These bodies bear no numerical relationship to the 
chromosomes’. Differences in diameter and staining capacity also appear 
along the pachytene chromosomes of N. crassa (13). In the majority of 
diplotene configurations seen in this study there was no indication of the 
manner in which the number of stained bodies fitted into the chromosome 
complement, since the achromatic portions of the chromosomes could not be 
differentiated from the cytoplasm with the staining techniques employed. 
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EMBRYOLOGY OF INTERSPECIFIC CROSSES IN MELILOTUS' 


By Epwarp Ross GREENSHIELDS? 


Abstract 


Twelve species of Melilotus were intercrossed and the embryology of the 
hybrids was studied. The species involved in this study are M. alba, M. offici- 
nalis, M. suaveolens, M. polonica, M. dentata, M. altissima, M. hirsutus, M. 
taurica, M. messanensis, M. italica, M. sulcat, and M. speciosa. Among 
partially compatible crosses, M. offi cinalis X M. alba produces the most advanced 
embryo. Growth of the embryo proceeds normally until about eight days, and 
more slowly thereafter until the 12th or 13th day, when growth is completely 
inhibited and the embryo aborts. The reciprocal M. alba X M. officinalis 
embryo does not grow as large or differentiate as much before aborting by the 
1ithday. Other crosses, including M. officinalis X M. suaveolens and M. alba 
M. messanensis form a normal proembryo that grows slowly to about the sixth 
day. The proembryo then loses polarity, organ development becomes abnormal, 
and the ovule aborts about the 12th day. Aborted embryos are also produced in 
the cross, M. alba X M. dentata. Reciprocal crosses of M. suaveolens and 
M. altissima and M. altissima x M. polonica produce essentially normal embryos 
up to eight days. These crosses may be sources of economically important 
germ plasm. Crosses of M. altissima X M. alba and M. italica X M. altissima 
exhibit early embryo abortion. The suspensor becomes necrotic in four or five 
days and the proembryo floats into the ovule cavity, which contains abundant 
noncellular endosperm. In the cross M. officinalis X M. altissima, neither the 
zygote nor the primary endosperm nucleus divides. When M. alttssima is used 
as the female parent, the zygote does not divide but the endosperm proliferates. 
In the cross, M. italica & M. officinalis, neither the zygote nor the endosperm 
divides. Embryos of M. italica X M. sulcata grow for four or five days, but 
the primary endosperm nucleus does not divide. The hybrid seed of M. alba X 
M. suaveolens weighs less than seed of either parent. Although developing 
ovules are smaller than those of M. suaveolens X M. alba, the embryo of the 
former is much larger and more differentiated, and endosperm is more abundant. 
This relationship between these two compatible species is of particular theoretical 
interest. Although many of the crosses do not mature viable seed, some embryos 


deveiop normally to a point where they would be worthy subjects for culture 
on nutrient agar. 


Introduction 


The plant breeder frequently finds that the range of variation within a 
species does not encompass a desired character or quality. Interspecific, or 
even intergeneric hybridization provides a possible method of introducing the 
desired genes into the species. The production of amphidiploids by chromo- 
some doubling following interspecific hybridization also has been fruitful. 
Embryo culture of ‘“‘incompatible’’ crosses undoubtedly will make it possible 
to produce many more species hybrids. 


Breeding progress in Melilotus will require wider use of the above techniques. 
The genus Melilotus includes not more than twenty species, some of which 
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are annual in growth habit, others are biennial, while a few have both annual 
and biennial strains. The species Melilotus alba and Meltlotus officinalis are 
widely grown in the United States and Canada, for hay, pasture, and for soil 
improvement. Sweetclover breeding programs have been directed toward 
the improvement of forage quality by breeding for fine-stemmed, leafy, 
coumarin-free varieties, and toward the increase of total nitrogen content for 
use aS a green manure crop. Later-maturing types have been desired to 
provide a longer pasture season both for bees and livestock. In recent years 
the sweetclover weevil, Sitona cylindricollis, has become a serious problem 
in the great plains area. Some of the noneconomic species of Melilotus 
exhibit some resistance to this insect and therefore make interspecific crosses 
a desirable objective. 

The production of viable seed is the result of a complex series of cytological 
and morphological processes, which are under genetic and physiological 
control. A deviation from normal of any one of these processes during the 
reproductive cycle may result in ovule abortion. Generally, when the sperm 
nucleus comes in contact with the egg, even in wide crosses, a zygote is formed. 
In many instances the development of embryo fails after fertilization has 
occurred. 

The morphological basis of hybrid failure is known in some crosses. Failure 
may occur in a radically different manner in different species, and embryo 
abortion may occur at any stage of development. A knowledge of the cause 
and stage of failure is most important in embryo culture work. Consequently, 
a morphological study of embryo failure in Melilotus is basic to progress in a 
program of interspecific hybridization. 


Literature Review 


All species of the genus Melilotus that have been examined thus far have a 
somatic chromosome number of 16. This uniformity of chromosome number 
has not been indicative of a high degree of interspecific fertility. A number 
of authors have reported a limited degree of successful hybridization among 
a few of the species (2,9, 13, 15, 16, 22, 23, 24, 27). 

Cooper, Brink, and Albrecht (6) reported that the nature of abortion of the 
fertilized ovules in Medicago sativa is the same whether in low-fertility or 
high-fertility lines and that abortion takes place while the endosperm is in 
the free-nucleate condition. The first evidence of the oncoming abortion is 
a collapse of the endosperm in the region of the bend of the campylotropus 
ovule, and the chalazal end is completely shrunken 72 hr. after pollination. 
The collapse of the embryo sac continues so that it is completely disorganized, 
and the ovule is much shrunken at 120 hr. after pollination. 

Brink and Cooper (4) reported that abortion of fertilized ovules in alfalfa 
takes place as a result of the aggressive growth of the inner integument, and 
inability of the endosperm to keep pace with this overgrowth. This type of 
abnormality and the resultant sterility was designated as somatoplastic 
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sterility. During the first six days after pollination, it was observed that the 
number of embryo cells increases arithmetically while the cells of the endosperm 
increase exponentially. 

In a survey of 36 species of angiosperms Brink and Cooper (3) reported that 
the ovules are very low in food reserves at fertilization. Consequently, early 
stages of embryo development are dependent upon translocated food material. 
The endosperm is considered to function in the transfer of nutrients from the 
maternal tissues to the developing embryo. 

Somatoplastic sterility also has been found to occur in interspecific crosses 
in Nicotiana, Petunia, and Lycopersicon (5). Brink and Cooper (5), working 
with the cross Nicotiana rustica X M. tabacum, explained hybrid seed failure 
on the basis of somatoplastic sterility, associated with reduced endosperm 
growth, pronounced hyperplasia of nucellus, and failure of differentiation in 
the conducting elements of the integumentary region of the ovule. 

Thompson and Johnson (26) studied incompatibility in Hordeum vulgare X 
Secale cereale. Fertilization normally occurs in this cross, but no viable seeds 
are produced. The immediate cause of failure was found to be abnormal 
development of the hybrid endosperm. The endosperm nuclei are immense 
in size and few in number, the endosperm does not become cellular and 
collapses on the fifth or sixth day after pollination. The hybrid embryo 
grows slower than the barley embryo and remains normal in appearance for 
many days after the endosperm has collapsed. The behavior of the maternal 
tissues of crosses is similar to that of selfed plants; therefore, somatoplastic 
sterility is not the basis for failure of seed development. 

Boyes and Thompson (1) studied interspecific crosses between 14 and 21 
chromosome wheats and rye. They found considerable difference in the 
success of reciprocal crosses. Endosperm abnormalities were found to be 
frequent in crosses in which the female parent had the lower chromosome 
number. 

Kihara and Nishiyama (12) investigated the cause of failure in certain 
interspecific reciprocal crosses in Avena. In the cross A. strigosa (2n) X 
A. fatua (6n) the embryo and endosperm grow very rapidly for a considerable 
period. ,Later the endosperm becomes abnormal and full-grown seeds are 
incapable of germination. In the reciprocal cross, the growth of the embryo 
and endosperm is remarkably retarded, owing principally to the arrested 
development of the endosperm. The original endosperm becomes replaced 
by a regenerate endosperm of another morphological type, in which the 
embryo is usually abnormal. Some ovaries can produce mature kernels. 
The difference between reciprocals was believed to be due to differential 
pollen tube growth, and to the relative chromosome numbers of the male and 
the female parents. 

Sax (20,21) observed that crosses between interfertile species of wheat 
produce larger endosperms than those of the maternal parents, whereas 
sterile crosses produce small shrivelled endosperms. 
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Ledingham (14) made a study of reciprocal crosses between Medicago sativa 
(4n) and M. falcata (2m), and found that difference in seed development is 
due to the rate of physiological activity initiated in the endosperm at the time 
of fertilization. The chromosome number of the male and female is of basic 
importance in relation to faulty development of endosperm after fertilization. 

Das (7) studied the morphological basis of embryo abortion in several lines 
of autotetraploid Melilotus alba, artificially produced by Johnson and Sass 
(10). In normally developing ovules, the primary nucleus undergoes division 
24 hr. after pollination in high-fertility lines, and 36 to 48 hr. after pollination 
in the lowest-fertility lines. First or second division of the primary endosperm 
nucleus may occur two to six days after pollination. Normal endosperm 
becomes cellular six days after pollination; however, if the endosperm remains 
noncellular up to 10 days, and the embryo is at an advanced stage, the ovule 
collapses. In apparently normally developing ovules with proembryos, the 
primary endosperm nucleus remains undivided up to six days after pollination. 
Collapse of fertile ovules seems to be due to inhibited or retarded endosperm 
growth. 

Satina, Rappaport, and Blakeslee (19) described the formation of ovule 
tumors in interspecific crosses in Datura. The multiplication of cells of the 
endothelium results in the formation of inward-growing tumor tissue which 
absorbs the contents of the embryo sac. This hyperplasia of the endothelium 
stops when the endosperm and embryo are completely absorbed. 

In a later paper Rappaport, Satina, and Blakeslee (17) found that the 
ovule tumors in Datura hybrids contain a water soluble thermostable sub- 
stance, unrelated to auxin, but capable of inhibiting embryo growth. 


Materials and Methods 


The Melilotus species used in this study were obtained at Iowa State College 
and the Dominion Forage Crops Laboratory at Saskatoon, Sask. Identifica- 
tion of the following species was made independently by Dr. H. A. Senn of 
the Science Service, Central Experimental Farm, Ottawa, Ontario, and by 
Dr. Duane Isely of Iowa State College: 


1. M. italicus (L.) Lam. 8. M. officinalis (L.) Desr. 

2. M. sulcatus Desf. 9. M. suaveolens Leb. 

3. M. speciosus Dur. 10. M. altissimus Thuill. 

4. M. messanensis (L.) All. 11. M. tauricus (M.B.) Ser. 

5. M. polonicus (L.) Desr. 12. M. hirsutus Tipsky ex char. 
6. M. dentatus (W. & K.) Pers. 13. M. wolgicus Poir. 

7. M. albus Desr. 


The a ending is used for most species throughout this paper, in agreement 
with current agronomic usage. 

In October 1950 plantings were made at Iowa State College. Ten plants 
of each species were grown from seed in 4-in. clay pots in a sterilized mixture 
of soil, peat, and sand. Fertilizer was applied as considered necessary. 
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Plantings were made in October 1951 at Saskatoon, Sask., and in October 
1952 at Iowa State College. In addition to the 1952 material, four mature 
plants of male-sterile M. officinalis and four normal plants of M. alba were 
dug out of the field, cut back, and planted in 8-in. pots. The male-sterile 
plants had been isolated in the Iowa State College breeding program the 
previous year. Early in November of each year the short winter photoperiod 
was extended to 18 hr. by the use of 200 watt Mazda lamps. With this 
treatment, flowering occurred about the middle of December. The first 
flowers were not used for selfing or crossing, because it was observed that seed 
set from the early racemes generally was very low. 

Except where male sterile plants were used, emasculation in preparation 
for crossing was done in the bud stage. Emasculation was performed by 
removing the petals with forceps and withdrawing the unopened anthers with 
air suction through a glass nozzle of very small bore. Suction was provided 
by a small motor-driven vacuum pump, a variation of the method described 
by Kirk (13). Emasculated flowers were not pollinated until one to one and 
one-half days after emasculation. Pollen was collected from the male parent 
on the flat end of a toothpick and applied to the stigmas of the female parent. 
Several racemes on each maternal parent were left unpollinated to test the 
efficiency of emasculation with respect to selfing. At the same time, other 
racemes were pollinated with a mixture of pollen of the same species to indicate 
the degree of fertilization that could be expected, if two species were com- 
pletely compatible. These intraspecific crosses were collected to be used as 
checks. In no instance was seed produced on unpollinated flowers, indicating 
that the emasculation technique was highly effective. Collections of pistils 
were made in most cases, from 0 hour to 8 days after pollination, except in 
certain crosses, where collections were made up to 20 days after pollination. 
At least 10 pistils usually were collected at each time interval. 

The Nawaschin type formula, Graf III, was used to kill the pistils. All 
collections were fixed for a minumum of one week. Material was dehydrated 
in either the dioxan — normal butyl alcohol series, or in the ethyl alcohol 
series (18). Material was embedded in paraffin, sectioned from 8 to 12 yw in 
thickness and stained in iron hematoxylin. 


Experimental Results 


The relative compatibility between Melilotus spp. is roughly indicated by 
the length of time an ovary containing a hybrid embryo remains on the plant. 
Even though fertilization does not take place, pollination may cause the ovary 
to remain on the plant longer than if pollen had not been applied to the stigma. 
On the other hand, some ovaries drop from the plant several days sooner when 
pollinated by another species than if left unpollinated. An attempt was made 
to collect pistils daily from all crosses up to eight days after pollination. In 
the case of M. alba, M. officinalis, M. suaveolens, and M. messanensis, an 
attempt was made to work out a more complete interfertility relationship 
and therefore some of these crosses were collected for 20 days (Table I). 
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The embryology of the interspecific crosses made possible a broad classifica- 
tion of the types of interspecific compatibility. Some crosses yielded mature, 
plump seeds, whereas, at the other extreme, fertilization did not take place. 
If fertilization occurred, the ovary usually stayed on the plant much longer 
than did unpollinated ovaries. There is not only a wide range of interspecific 
fertility between the various species, but a given plant of a particular species 
often reacts differently with different plants of another species. This study 
sought to determine the highest degree of fertility attainable between species. 
These data are summarized in Table II. 

A normal embryo of any Melilotus species begins to show organ initiation 
about eight days after pollination. The term “‘proembryo”’ is used prior to 
this stage. A retarded hybrid embryo may not develop beyond this stage; 
therefore, any embryo of more than eight days will be designated by the 
term ‘‘embryo”’. 


Reciprocal Crosses that Produce Viable Seed 

The cross between M. alba and M. suaveolens falls in the category of species 
that may be crossed under normal conditions without difficulty. M/. alba is 
a white flowered species which has both annual and biennial forms, while 
M. suaveolens is a yellow flowered species also having both annual and 
biennial forms. 

The seed size, based on precise measurement of the median section of the 
ovule, indicates that the volume of the M. alba X M. suaveolens seeds, at all 
stages, is considerably less than the volume of the seed of either parent, 
while the volume of the M. suaveolens X M. alba seed is about the same as 
either of the parents. These ovule size differences are illustrated in Figs. 
4, 2, 3, 4, 5, 6, 00, 22. 

With respect to embryo size, the morphological data do not parallel the 
seed size data. The embryo of the cross M. alba K M. suaveolens is much 
larger than the embryo of the cross M. suaveolens X M. alba even at eight 
days, and the discrepancy increases with age. Moreover, the M. alba X 
M. suaveolens embryo is almost as large as the embryo of similar age from the 
parental species. In the latter instance the embryo would be expected to be 
somewhat smaller because the ovule is smaller (Table III). 

Measurements cannot adequately describe the developmental stage of an 
embryo. The cross M. suaveolens X M. alba has a very small proembryo at 
eight days, comparable to about a four- or five-day-old proembryo in either 
of the parents (Fig. 4). Although encased in a somewhat smaller ovule, the 
eight-day embryo of the cross M. alba X M. suaveolens is almost equal in size 
and differentiation to the embryos of the parents (Figs. 1, 2,3). At 10days 
the M. suaveolens X M. alba embryo has not yet begun to show cotyledon 
differentiation, and the endosperm is sparse and still coenocytic (Fig. 8), 
whereas the 10-day embryo of M. alba X M. suaveolens is heart-shaped and 
the endosperm is abundant and cellular (Fig. 6). The 12-day embryo of 
M. alba X M. suaveolens is smaller than that of the parental varieties; never- 
theless, the cotyledons are well differentiated and the cellular endosperm 
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TABLE III 


COMPARATIVE EMBRYO AND OVULE SIZE RELATIONSHIPS BETWEEN THE PARENTS AND RECIPROCAL 
HYBRIDS OF Melilotus alba AND Melilotus suaveolens FROM 
EIGHT TO 16 DAYS AFTER POLLINATION 


Embryo size (in microns) 
Days after alba suaveolens alba X suaveolens | suaveolens X alba 
pollination 
| W L W L W 
8 81 88 79 79 69 65 52 36 
10 100 115 108 180 72 137 65 67 
12 223 900 252 1260 162 648 124 139 
14 | 306 1080 288 1440 108 1080 137 216 
16 360 2016 360 1980 308 1980 151 288 
Ovule size (in microns) 
8 748 1386 726 1540 616 1342 629 1276 
10 748 1540 660 1584 704 1364 792 1597 
12 968 2200 968 2024 880 1848 902 1870 
14 1034 2112 1100 2068 880 1936 1100 2200 
16 1276 2156 1144 2288 924 1980 1122 2200 
W — Width. L — Length. 


shows signs of being used up rapidly (Figs. 9, 10,11). The 12-day embryo of 
M. suaveolens X M. alba is about equal in size and stage of development to 
a 9- or 10-day-old embryo of M. alba X M. suaveolens, being greatly retarded 
in the differentiation of cotyledons (Fig. 12). The endosperm is still coeno- 
cytic and sparse. The embryo size difference is even greater at 14 and 16 
days (Table III), and the endosperm is even less abundant, noncellular, and 
in some instances, absent. Although ovule size is significantly larger in the 
M. suaveolens X M. alba cross than in the M. alba X M. suaveolens, the 
reverse is true with respect to embryo size. 


Partially Compatible Crosses 

The fertility relationship between the two main economic species M. alba 
and M. officinalis is of special interest. The ovaries of the cross M. alba X 
M. officinalis and the reciprocal enlarge considerably after pollination. More- 
over, the pedicel turns crimson, which also occurs after fertilization has taken 
place within a species. About 12 days after pollination, some of the ovaries 
begin to dry up and by 20 days all have either fallen off the raceme, or have 
become completely desiccated. 


‘ 
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Eight days after pollination the embryos of the reciprocal hybrids are at 
least equal in development to either of the parents, in fact, the embryo of the 
M. officinalis X M. alba cross is probably farther advanced, as shown by some 
evidence of cotyledon differentiation and the abundant cellular endosperm 
(Fig. 15). In the case of the M. officinalis and M. alba parents, the endosperm 
is still coenocytic at eight days (Fig. 13). On the other hand, in the M. alba X 
M. officinalis cross very little endosperm is evident, and the scanty endosperm 
does not stain normally (Fig. 14). 

At the 10-day stage, the M. officinalis and M. alba embryos show consider- 
able cotyledonary development and the endosperm is distinctly cellular 
(Figs. 22, 25). The M. officinalis X M. alba embryo becomes almost as well 
differentiated as either parent, while the M. alba X M. officinalis embryo does 
not differentiate beyond the globe stage and resembles the eight-day stage 
of the parental embryos. In the latter, the endosperm is abundant but not 
yet cellular (Figs. 17, 23). 

The parental embryo at 12 days shows well differentiated cotyledons and 
abundant cellular endosperm (Figs. 24, 26). The M. alba X M. officinalis 
hybrid embryo is about the size and stage of differentiation of a 10-day 
parental embryo, but the hybrid has extremely scanty endosperm. The 
embryo does not elongate normally and cell division ceases (Fig. 19). Although 
not as large as the parental embryos, the M. officinalis X M. alba embryo 
shows cotyledon differentiation, cell division, and abundant cellular endosperm 
in close proximity to the embryo (Fig. 18). 

The hybrid embryo of M. officinalis X M. alba shows no cell division by 
the 14th day. The embryo has two well developed cotyledons, but the 
endosperm is not proliferating and lacks the stainability which is so noticeable 
at the 12th day (Fig. 27). By the 16th day the endosperm has completely 
disappeared and the embryo has begun to disintegrate, as evidenced by the 
debris and the dark staining necrotic tissues (Fig. 28). The embryos of the 
cross M. alba X M. officinalis are only slightly larger at the 14th and 15th 


Fic. 1. M. alba, embryo, ovule, and ovary at eight days (X24). Fic. 2. M. alba X 
M. sauveolens, embryo, ovule, and ovary at eight days (X24). Fic. 3. M. suaveolens, 
embryo, ovule, and ovary at eight days (X24). Fic. 4. M. suaveolens X M. alba, 
embryo, ovule, and ovary at eight days (X24). Fic. 5. M. alba, embryo, ovule, and 
ovary at 10 days (X24). Fic. 6. M. alba X M. suaveolens, embryo, ovule, and ovary 
at 10 days (X24). Fic. 7. M. suaveolens, embryo, ovule, and ovary at 10 days ( X24). 
Fic. 8. M. suaveolens X M. alba, embryo, ovule, and ovary at 10 days (X24). Fic. 9. 
M. alba, embryo, ovule, and ovary at 12 days( X24). Fic. 10. M. alba X M. suaveolens, 
embryo, ovule, and ovary at 12 days (X24). Fic. 11. M. suaveolens, embryo, ovule, 
and ovary at 12 days (X24). Fic. 12. M. suaveolens X M. alba, embryo, ovule, and 
ovary at 12 days (X24). Fic. 13. M. officinalis, embryo associated with coenocytic 
endosperm at eight days (100). Fic. 14. M.alba M. officinalis embryo with sparse, 
dried-up endosperm at eight days (100). Fic. 15. M. officinalis X M. alba embryo 
associated with cellular endosperm at eight days (100). Fic. 16. M. alba embryo 
associated with coenocytic endosperm at eight days (X100). Fic. 17. M. alba X 
M. officinalis embryo at 10 days, associated with noncellular endosperm (100). Fic. 18. 
M. officinalis X M. alba embryo showing cotyledon primordia at 12 days (X50). Fie. 19. 
M. alba X M. officinalis embryo lacking in endosperm and showing very little cotyledon 
differentiation (X50). Fic. 20: M. alba X M. officinalis embryo associated with dried- 
up endosperm at 14 days (X50). Fic. 21. M. alba X M. officinalis embryo without 
endosperm at 16 days (X50). 
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day than at the 12th day. Much of the endosperm appears to have dried up, 
and in some instances the small embryo may disintegrate completély by the 
16th day. The ovule appears to be in good condition and it is as large as 
either of the parental ovules of equal age (Figs. 20, 21). Considering the data 
on these two reciprocal crosses, the M. officinalis X M. alba embryo makes 
considerably more growth than the M. alba X M. officinalis embryo. The 
M. officinalis X M. alba embryo probably stops active growth about the 
13th day, whereas M. alba X M. officinalis becomes inactive about the 10th 
or 11th day. 

The M. officinalis X M. suaveolens cross falls into the partially compatible 
class. The embryo becomes misshapen and the endosperm becomes shrivelled 
and dark staining (Fig. 29). The seven-day proembryo shows another type 
of development common in these hybrid embryos. The proembryo does not 
develop beyond the three- or four-day stage of the parental proembryo. 
The endosperm nuclei appear misshapen and do not take the stain well 
(Fig. 30). Eight days after pollination the embryos are misshapen, although 
some growth continues (Fig. 31). The suspensor continues to enlarge laterally 
and by the 10th day the embryo is a shapeless mass, surrounded by a dark- 
staining endosperm (Fig. 32). At the 12th day the malformed embryo may 
have two rudimentary cotyledons (Fig. 33), but in many ovules the embryo 
is a disintegrating mass of dark-stained material. Up to this point the ovule 
continues to enlarge and appears superficially to be normal. By the 14th 
or 16th day the ovule begins a progressive collapse, which proceeds from 
chalazal end, and the embryo becomes a necrotic mass of material lying in 
micropylar end of the ovule (Figs. 34, 35). 

In the cross M. suaveolens X M. officinalis, fertilization takes place and a 
proembryo of three or four cells is formed by the third or fourth day. Endo- 
sperm proliferates quite normally, but about the fourth or fifth day the 
pedicel weakens and the ovary drops off. 


Fic. -—" M. alba embryo associated with cellular endosperm at 10 days (100). 
Fic. 23. M. officinalis X M. alba embryo associated with cellular endosperm at 10 days 
(x 100). Fic. 24. M. alba embryo at 12 days (X50). Fic. 25. M. officinalis embryo 
at 10 days (X100). Fic. 26. M. officinalis embryo at 12 days (X50). Fic. 27. M. 
oe x x M. alba embryo showing well developed cotyledons at 14 days (X50). 

1G. 28. M. officinalis X M. alba necrotic embryo, showing ovule collapse at the chalazal 
end at 18 days (X24). Fic. 29. M. officinalis X M. suaveolens misshapen proembryo 
and clumped endosperm at six days (X100). Fic 30. M. officinalis X M. suaveolens 
retarded proembryo at seven days (100). Fic. 31. M. officinalis X M. suaveolens 
embryo at eight days (100). Fic. 32. M. officinalis X M. suaveolens misshapen 
embryo and clumped endosperm at 10 days (X100). Fic. 33. M. officinalis X M 
suaveolens misshapen embryo without endosperm at 12 days (X50). Fic. 34. M. 
officinalis X M. suaveolens showing loss of polarity at 14 days (X50). Fic. 35. M. 
officinalis X M. suaveolens embryo showing radicle development, but poor cotyledon 
differentiation at 16 days (X50). Fic. 36. M. messanensis X M. officinalis embryo at 
five days (200). Fic. 37. M. messanensis X M. officinalis twin embryos at five days 
(X200). Fic. 38. M. messanensis proembryo at four days (X200). Fic. 39. M. mes- 
sanensis X M. alba embryo at four days (200). Fic. 40. M. altissima X M. polonica 

roembryo at five days (X200). Fic. 41. M. messanensis embryo at 11 days (X7.5). 
1G.42. M. messanensis X M. alba retarded embryo showing loss of polarity at 11 days 
(X7.5). Fic. 43. M.dentata X M. alba ovules and ovary at 19 days( 8.5). Fic. 44. 
M. dentata X M. alba necrotic embryo and endosperm at 19 days (X50). Fic. 45. 
M. alba X M. dentata aborted embryo and coenocytic endosperm at eight days ( X 100). 
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The M. alba X M. dentata cross has been made by many workers but in 
each instance the F; seedlings were albino. Although M. dentata X M. alba 
hybrids would be of considerable interest, the cross has not been reported. 
Biennial M. dentata sheds pollen in the bud stage, which makes it difficult to 
remove anthers before dehiscense. An annual form of M. dentata with large 
flowers made it possible to emasculate several florets on three plants. Ten 
days after pollination with M. alba pollen, one ovary remained. By 19 days 
the pedicel was brittle and had lost its normal red pigment, consequently the 
ovary was collected. Two ovules had started to develop, but one had aborted 
sometime prior to 19 days. The other ovule had not enlarged enough to 
occupy the entire pod. Embryo differentiation had proceeded to about the 
stage of an eight day M. alba embryo, and then disintegrated, and the 
endosperm was clumped (Figs. 43, 44). 

As indicated above, the M. alba & M. dentata hybrid embryo will mature 
normally. However, in some instances the embryo will develop for a few 
days and then become desiccated, even though endosperm appears to be 
abundant (Fig. 45). 

Hybrids of M. messanensis X M. alba would be economically desirable. 
M. messanensis is an annual species, large seeded, free of coumarin, and has 
more-apparent tolerance to sweet clover weevil than any other Melilotus 
species. When the M. messanensis X M. alba cross is made, a zygote is 
formed. Two days after pollination the proembryo is four- or five-celled, and 
the endosperm has proliferated. The selfed AM. messanensis parent at two 
days has a three- or four-celled suspensor and a five- or six-celled globe. By 
four days the difference between the hybrid and the parent is more pronounced. 
The hybrid has a filiform proembryo of eight or nine cells, while parental 
proembryo has a terminal globe of about 15 to 20 cells, which are. dividing 
actively (Figs. 5, 38, 39). The hybrid embryo remains greatly retarded but 
the ovule increases in size at about the same rate as the ovule of the maternal 
parent. By 11 days the hybrid embryo has lost all polarity and is a misshapen 
mass at the micropylar end of the ovule, and noncellular endosperm is still 
present (Fig. 42). The 11-day parental M. messanensis embryo is many 
times larger, with well differentiated cotyledons and abundant cellular endo- 
sperm (Fig. 41). In the reciprocal cross, M. alba X M. messanensis, fertiliza- 
tion was not observed and the desiccated ovaries fell off about the fifth day. 


Hybrid embryos of M. messanensis X M. officinalis develop more slowly 
than M. messanensis embryos, and at five days a seven-celled proembryo and 
abundant coenocytic endosperm are present (Fig. 36). One ovule was found 
to have two apparently normal proembryos at five days (Fig. 37). The 
ovaries of M. messanensis X M. officinalis generally lose their green color and 
disarticulate about the sixth day. When the cross M. officinalis K M. mes- 
sanensis was attempted there was no evidence of fertilization. The ovules 
dried up and the ovaries fell off about the fifth day. 

The cross M. alba X M. taurica was carried only to four days and apparently 
normal proembryos were observed. 
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Hybrid embryos are produced in the cross M. suaveolens X M. altissima, 
when either species is used as the female parent. The M. suaveolens X 
M. altissima embryo has an abnormally long suspensor, and rapid endosperm 
proliferation occurs (Fig. 46). Although hybrid embryos are slightly smaller 
than parental embryos at eight days, the hybrids appear to be normal and 
may survive beyond the time limit of the present study. The reciprocal cross 
M. altissima X M. suaveolens exhibits a three-celled proembryo, and not 
more than two endosperm nuclei at two days. It is unusual for embryo cells 
to divide more rapidly than endosperm cells (Fig. 47). However, by the 
fourth day there is a small proembryo with a long suspensor and many free 
endosperm nuclei (Fig. 48). The pedicel weakens and the pods fall off at 
about the sixth day. 

The cross M. altissima X M. polonica has essentially normal embryos up 
to at least six days (Fig. 40). 


Crosses Showing Low Compatibility 


Among the species showing a low degree of compatibility the M. officinalis X 
M. dentata cross is of considerable interest. From over 100 pollinations, only 
one proembryo was found (Fig. 51), and many ovules that failed before six 
days showed no evidence of fertilization. Accidental selfing was unlikely 
because the maternal M. officinalis plants were self-sterile. 

Hybrid embryos are formed in the cross M. altissima X M.alba. Although 
the endosperm proliferates, and a five- or six-celled proembryo is formed, the 
latter becomes necrotic at the base of the suspensor, and by the fourth or 
fifth day the embryo floats away from the micropyle into the ovule cavity 
(Fig. 49). Only rarely does an embryo grow for five or six days without 
evidence of necrosis, moreover, the embryo may be misshapen and some cells 
of the nucellus and inner integument adjacent to the suspensor show necrosis 
(Fig. 50). 

When the cross M. altissima X M. dentata is made, hybrid embryos are 
formed and endosperm proliferation occurs. By the third or fourth day the 
five- or six-celled proembryo floats into the ovule cavity and the endosperm 
becomes clumped, in much the same manner as in the M. altissima X M. alba 
cross (Fig. 49). 

A low degree of compatibility is exhibited in the cross M. italica X M. altis- 
sima. A three- or four-celled proembryo develops, but in most cases the 
proembryo becomes necrotic and disintegrates by the fourth or fifth day 
(Fig. 55). In some ovules a two- or three-celled proembryo remains intact 
until the sixth day (Fig. 56). In all ovules of this cross, abortion is preceded 
by vacuolation and enlargement of the cells of the nucellus, which is more 
pronounced as the age of the ovule increases. By the seventh and eighth 
day, embryo and endosperm are so necrotic that they are only recognizable 
as scattered fragments surrounded by the very prominent nucellar tissue 
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(Fig. 52). In the reciprocal cross M. altissima X M. ttalica, fertilization 
does not occur, and the ovary dries up and drops off by the fourth day. 

Hybrid embryos of M. altissima XK M. hirsutus are formed and endosperm 
is proliferated rapidly for a short time after fertilization. By the fourth day 
the endosperm does not take the stain well, the small proembryo shows signs 
of necrosis at the base of the suspensor, and the nucellus consists of prominent 
vacuolate cells (Fig. 57). At the fifth day, the endosperm nuclei are nonstain- 
able and the embryo shows signs of further disintegration in region of the 
suspensor (Fig. 58). 

The cross M. italica X M. speciosa produces a proembryo, but by the fifth 
day the ovules shrivel and they collapse completely by the seventh day. The 
ovary appears to be normal and remains on the plant for at least seven days 
(Fig. 53). 

Reciprocal crosses of M. officinalis and M. altissima present two distinct 
fertility relationships. When M. officinalis is used as the female parent, a 
zygote and a primary endosperm nucleus are formed in close proximity, but 
neither nucleus divides for at least eight days. The nucellar cells are very 
large, although they do not stain darkly as in many other incompatible 
crosses. The nucleoli of both the zygote and the endosperm nucleus are 
very prominent (Fig. 59). The cross M. altissima X M. officinalis develops 
a two- or three-celled proembryo in some ovules. However, in many instances 
an undivided zygote is present, but the endosperm divides many times. 
Fig. 60 shows a zygote and several endosperm nuclei. 

The reciprocal crosses of M. alba K M, sulcata produce a zygote and primary 
endosperm nucleus. Neither nucleus divides and the ovary drops off about 
the sixth day. The cross M. ttalica X M. officinalis produces an apparently 
normal zygote, but by the fourth day neither the zygote nor the primary 
endosperm nucleus has divided. The zygote shows signs of disintegrating 
and the ovule is somewhat collapsed (Figs. 61,62). The cross M. altissima X 
M. sulcata behaves similarly. 


Fic. 46. M. suaveolens X M. altissima proembryo at five days (200). Fic. 47. 
M. altissima * M. suaveolens proembryo and two endosperm nuclei at two days ( X 200). 
Fic. 48. M. altissima M. suaveolens proembryo at four days (200). Fic. 49. M. 
altissima X M. alba proembryo showing necrosis of the suspensor and clumping of the 
endosperm at four days (200). Fic. 50. M. altissima X M. alba proembryo showing 
necrosis of the suspensor at six days (X200). Fic. 51. M. officinalis XK M. dentata 
proembryo and dividing endosperm nuclei at six days (200). Fic. 52. M. italica X 
M. altissima embryo and endosperm debris in the ovule cavity at four days (Xx 200). 
Fic. 53. M. italica M. speciosa ovary and ovules at eight days (X30). Fic. 54. M. 
italica X M. sulcata ovule showing embryo and endosperm debris and enlarged vacuolate 
nucellar cells at seven days (200). Fic. 55. M. italica X M. altissima embryo and 
endosperm debris in the ovule cavity at four days (x 200). Fic. 56. M. ttalica X 
M. altissima two-celled proembryo at six days (X200). Fic. 57. M. altissima X 
M. hirsutus proembryo at four days (X200). Fic. 58.. M. altissima X M. hirsutus 
proembryo showing suspensor necrosis and nonstainable endosperm nuclei at five days 
(200). Fic. 59. M. M. altissima zygote and primary endosperm nucleus 
at eight days (X200). Fic. 60. M. altissima X M. officinalis zygote and endosperm 


nuclei at six days (X200). Fic. 61. M. italica X M. officinalis zygote at two days 
(X200). Fic. 62. M. italica X M. officinalis zygote at four days (200). Fic. 63. 
M. italica X M. sulcata proembryo and primary endosperm nucleus at four days ( X 200). 
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The cross M, italica X M. sulcata is only of academic interest. Both species 
are low-growing, yellow-flowered noneconomic annuals. Hybrid proembryos 
are formed, but the primary endosperm nucleus does not divide (Fig. 63). 
The proembryo continues to divide to the five- or six-celled stage and then 
becomes inactive. The nucellar tissue stains very deeply and becomes 
necrotic by the seventh day (Fig. 54). 


Discussion 


Thompson (25) has listed eight sterility mechanisms that may separate 
species. Although all of the mechanisms may operate between various 
Melilotus species, only three postfertilization sterility mechanisms are of 
particular interest in the present study, namely: 


(1) Death of the hybrid embryo at a given point between the few celled 
stage and the mature plant. 

(2) Failure of endosperm to develop. 

(3) Abnormal development of the endosperm. 


The reciprocal crosses between M. alba and M. suaveolens are of theoretical 
interest. Boyes and Thompson (1) found that endosperm abnormalities and 
early embryo abortion in wheat and rye crosses were more frequent when the 
lower chromosome species was used as the female parent. They suggested 
that endosperm chromosome number influences subsequent development. 
M. alba and M. suaveolens have the same chromosome number; nevertheless, 
the endosperm may be the critical barrier to embryo development. Two 
genomes of M. alba with one genome of M. suaveolens appears to be a more 
compatible combination with respect to M. alba maternal tissue than two 
genomes of JM. suaveolens with one of M. alba with respect to the maternal 
tissue of M. suaveolens. 

Das (7) found in autotetraploid M. alba that, if the endosperm remains 
noncellular for 10 days, and the embryo is at an advanced stage, the ovule 
collapses. In the M. suaveolens X M. alba cross, endosperm remains coeno- 
cytic for at least 12 days, and organ initiation first becomes apparent at that 
time (Fig. 12), nevertheless, viable seed has been obtained in the reciprocal 
crosses. 

Abortion of the embryo may be due to endosperm failure, however; collapse 
of the maternal ovule tissue may be a secondary effect. When fertilization 
takes place in the M. suaveolens X M. alba cross, the ovule enlarges more 
rapidly than the ovule of the reciprocal cross, but the embryo of the former 
is much smaller and organ differentiation is delayed. In the M. alba X 
M. suaveolens hybrid the ovule enlarges slowly, but the embryo develops 
normally (Table III). A normal embryo fills the ovule cavity completely at 
maturity. In the absence of a fully developed embryo, the chalazal end of 
the ovule cavity is unsupported and collapses (Fig. 28), thus an ovule collapse 
may be mechanical (Fig. 12). 
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Partially compatible crosses that do not produce viable seed, but show 
embryo development for several days, are a group worthy of special attention. 
Crosses between the economic species M. alba and M. officinalis show embryo 
development for as long as 14 days. The reciprocal crosses do not develop 
at the same rate nor to the same degree. It is significant that in all instances 
the endosperm is sparse or completely absent in M. alba X M. officinalis ovules 
and more abundant and cellular in M. officinalis X M. alba hybrids (Figs. 
14, 15, 17, 18, 19, 20, 21). Embryo failure may well be due to nutritional 
factors. Failure of endosperm development may be due to the genetic 
difference between endosperm and the maternal tissues. Physiological 
incompatibility between the endosperm and embryo has been suggested by 
Guravich (8), but this factor does not seem to apply in cases in which the 
endosperm becomes used up. Failure may then be due to premature digestion 
of the endosperm by a very vigorous proembryo, whereby continuity between 
embryo and ovule tissues is interrupted, and further development of the 
embryo is therefore impossible. 

The crosses M. officinalis X M. suaveolens and M. alba X M. messanensis 
present another aspect of embryo failure. The endosperm is absent or highly 
abnormal, and the embryo seems to lose its polarity (Figs. 29, 30, 31, 32, 33, 
34, 35,42). This condition is evident before six days, and therefore cannot be 
attributed directly to endosperm morphology, but possibly to imbalance of 
auxins or other growth regulants. 

Reciprocal crosses between M. alba and M. dentata indicate that some 
degree of incompatibility is manifest very early in the hybrid embryos. The 
M. alba X M. dentata embryo sometimes aborts, but the endosperm and ovule 
tissue remain normal (Fig. 45). This may well be a case of competition 
between the embryo and the endosperm, however, since the embryos that do 
mature invariably give albino seedlings, genetic unbalance also may be a 
factor (22). It would be of interest to determine whether albino seedlings 
would be obtained from the M. dentata X M. alba cross. In one instance an 
ovary of this cross containing two ovules remained on the plant for 19 days 
before showing evidence of collapse (Fig. 43). It is evident that one ovule 
had aborted several days before and that the other ovule contained an aborted 
embryo and aborted endosperm (Fig. 44). For the present it is impossible 
to say whether the presence of a disintegrating ovule may induce abortion in 
the second ovule in the same ovary (17). 


In general, interspecific embryos develop more slowly than intraspecific 
embryos. In crosses of low compatibility that fail after the first few days, 
it is difficult to determine the basis for failure. Brink and Cooper (3) stated 
that in the early stages, embryo development is dependent upon food trans- 
located by the endosperm. In the more compatible crosses such as M. alba X 
M. suaveolens or M. officinalis X M. alba the embryo grows arithmetically 
and the endosperm increases exponentially, whereas, in the crosses of low 
compatibility the relationship does not follow the conventional pattern. The 
cross M. altissima X M. suaveolens has a four- or five-celled proembryo and 
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only two endosperm nuclei at two days. Moreover, M. italica X M. sulcata, 
at four days, has a seven- or eight-celled proembryo and the primary 
endosperm nucleus had not divided (Fig. 63). As Guravich (8) points out, 
the endosperm is not essential as a source of nutrition for the embryo during 
the first two or three days. It is significant that if the endosperm does not 
proliferate, no development occurs beyond the three- or four-day stage, and 
seven or eight days after the embryo has aborted, there appears to be 
pronounced hyperplasia of the nucellar tissue (Fig. 54). It is possible that 
the synergids and pollen tube debris serve as a food source up to the three- 
or four-day stage. 

In crosses such as M. altissima X M.alba the four-day proembryo does not 
abort owing to lack of endosperm (Fig. 49). The suspensor becomes necrotic 
and the proembryo disintegrates in the midst of a number of endosperm 
nuclei. The varied structural relationships between embryo and endosperm 
in the diverse cases of ovule abortion do not indicate clearly whether abortion 
is due to antagonism between the embryo and endosperm or to the respective 
genetic constitutions of the embryo and endosperm. 

In the reciprocal crosses between M. officinalis and M. altissima there is 
some indication of a critical genetic balance. When M. officinalis is used as 
the female, neither the zygote nor the primary endosperm nucleus divides, 
but when M. altissima is used as the female parent the endosperm proliferates, 
but the zygote seldom divides (Figs. 59, 60). The genetic constitution of the 
reciprocal zygotes is the same and they perform essentially alike, but the 
endosperm constitution of reciprocals is different, with the female parent sup- 
plying two genomes to one from the male parent. The genetic balance is pro- 
bably a critical factor controlling subsequent proliferation of the endosperm. 

The economic desirability of some of these partially compatible crosses is 
evident. The low coumarin characteristic of M. dentata already has been 
transferred to M. alba (22). However, the low coumarin character also would 
be very desirable in the winter hardy, vigorous M. officinalis. Under natural 
crossing methods, the gene transfer has been impossible, but by the use of 
embryo culture as described by Keim (11) the successful cross of M. officinalis 
xX M. alba seems quite possible (Figs. 15, 18, 23, 27). The species M. mes- 
sanensis, a low growing annual of little economic value, has shown more 
tolerance to weevil damage than any of the economic species. The hybrid 
embryo of M. messanensis X M. alba develops normally for a few days and 
then loses polarity (Figs. 39, 42). Relatively few genotypes of either species 
have been tested and it is quite possible with a larger number of plants from 
each species that some embryos would develop normally to a point where 
they could be excised and cultured. If a species contains a character that 
is of great economic importance, it may be feasible to cross it first to an 
intermediate species with which there is a higher degree of compatibility, and 
which in turn is more compatible with the economic species. 


It is also possible that embryo culture techniques may yield economically 
important hybrids from parents that are of little economic value. For 
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instance, M. altissima is a low growing, coarse, winter hardy biennial, with a 
heavy seed yield. M. polonica is a very fine-stemmed, tall growing, winter 
hardy biennial, with a very low seed yield. These two species show a con- 
siderable degree of compatibility (Fig. 40). The production of a hybrid, 
followed by continued breeding for the desirable qualities of each. parent, 
may yield a crop plant of economic importance. 


Mendoza proposed a phylogenetic relationship between species of Melilotus 
(15). The present data have a bearing on his scheme, and may call for some 
revision of Mendoza’s classification. However, it is known that compatibility 
between plants within a species may be due to a single gene difference, and 
furthermore, reciprocal crosses do not develop alike. Therefore, phylogenetic 
speculations based on compatibility may be of doubtful validity. 
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RING WIDTH, TRACHEID SIZE, AND RAY VOLUME IN STEM 
WOOD OF THUJA OCCIDENTALIS L.' 


By M. W. BANNAN? 


Abstract 


The interrelations between varied growth rates and those phases of cambial 
activity involved in determination of tracheid size and ray volume were investi- 
gated in Thuja occidentalis. Length of tracheids at the time of pseudotransverse 
division of the initiating cambial cells was determined from the peripheral wood of 
stems which fell within a similar range of size but differed in their rates of growth. 
The circumstances which favored accelerated growth, as shown in more frequent 
periclinal divisions in the cambium, encouraged earlier pseudotransverse division 
of fusiform initials and hence the production of shorter tracheids. Among trees of 
similar size decline in growth rate was accompanied by lengthening of cambial 
cells to a maximum associated with annual radial increments of 0.7 to 0.8 mm. 
Tracheid diameter was only slightly influenced by the rate of growth. Tangential 
width underwent minor increase in suppressed trees and radial diameter was 
slightly augmented in fast-growing trees. A positive correlation was revealed 
between ray volume and rate of growth. 


Introduction 


The relationships between the size and structure of the cellular components 
of wood and growth of the tree have attracted the attention of both forestry 
workers interested in the industrial utilization of wood and of botanists 
concerned with the basic problems of morphogenesis. Since all but the first- 
formed wood in conifers is derived from the cambium,: the structure and 
properties of the bulk of the tree are determined by events in that meristem. 
It may be recalled that the cambium in conifers consists of two types of 
generative cells, elongate fusiform initials and much shortened ray initials. 
The varied phases of activity in the cambium, such as the production of the 
vascular elements of the secondary xylem and phloem by longitudinal peri- 
clinal division of fusiform initials, the multiplication of fusiform initials by 
pseudotransverse division, and the elongation of some of the resulting daughter 
initials and loss of others appear to be influenced by many factors. Some of 
_ these are of local origin in the cambial area itself, whereas others are related 
to general conditions in the tree as a whole. The influence of growth rates 
on those phases of cambial activity related to cell size are discussed in the 
present article. 


Tracheid Length and Ring Width 


The subject of tracheid length in conifers has been of interest to foresters 
and wood technologists because of relationship to paper-making qualities, 
workability, and other characteristics of wood which are of commercial 
significance. Numerous workers have investigated the influence on cell size 
of such variates as geographic location, habitat, position in the tree, and 
rate of growth. 


1 Manuscript received February 19, 1954. 
Contribution from the Department of Botany, University of Toronto, Toronto, Ontario. 
Assistance was provided by a grant in aid of research furnished by the University of Toronto. 
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In most of the studies concerned with the relationship between ring width 
and cell length, the comparisons have been based on age, the data relating to 
similar rings counted outward from the pith. Mell (29), Lee and Smith (26), 
MacMillan (28), Adams (1), Kienholz (23), and Berkley (12) noted longer 
cells in any given ring in the more vigorous trees. However, if the data 
provided by these and other authors (12, 15, 19, 23, 33) are analyzed on the 
basis of linear distance from the pith instead of age, a negative relationship is 
revealed, mean cell length being less at a given radial distance in fast growing 
trees. Helander (21) concluded from his own observations and the work of 
certain contemporaries that “in corresponding parts of trees with narrow 
annual rings the tracheids are longer than those in trees with broad annual 
rings’. 

In Larix, Liang (27) found that along selected radii mean tracheid length 
increased as ring width decreased. His conclusion that the significant variate 
influencing tracheid length was not ring width but rather percentage perimeter 
increment is open to question. It is noteworthy that at a given linear distance 
from the pith the tracheids were longer on the side of the stem with narrower 
annual rings. 

Gerry (18) in her investigations on cell size found no marked relation between 
cell length and ring width. <A general tendency for tracheid length to increase 
from the pith outwards has been observed by numerous authors (3, 5, 12, 13, 
15, 18, 23, 26, 27, 28, 32). According to Anderson (3) this relationship is based 
on linear distance and can be expressed in mathematical terms, but the 
possible effects of rate of growth were not considered. 


Since conifer tracheids are only slightly longer than the fusiform initials 
from which they originate, and since the latter pass through a repetitive cycle 
of elongation and pseudotransverse division in their multiplication (4, 7, 11, 
24, 35), it is clear that the length of tracheids is determined to a considerable 
extent by the size of the fusiform initials at pseudotransverse division. The 
earlier the fusiform initials are transversely divided in their cycle of elongation 
and division, the shorter will be the mean length of the derived tracheids. 
Hence a prerequisite in establishing the relationship between vigor of growth 
and tracheid length would seem to be determination of the influence of growth 
rates on the size of cambial cells at pseudotransverse division. 

A study of the length of tracheids at the time of pseudotransverse division 
was made from more than one hundred trees. These were selected so as to 
include varied rates of growth in stems of similar size. Stem size was restricted 
to a diameter range of 6-12 in. at a height of 3 ft. Both open-grown and 
suppressed trees were chosen from diverse habitats and localities within a 
75-mile radius of Toronto. A large chip was removed from each tree, at 
approximately the 3-ft. level, from whichever side of the bole that presented 
a clear area free of branches or knots regardless of directional orientation. 
The peripheral wood was sectioned in three planes, the tangential sections 
being cut in series which extended through the outermost two or three annual 
rings. Tracheids exhibiting the first formation of the anticlinal wall laid 
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down in pseudotransverse division were spotted in tangential sections passing 
through the late wood portions of the annual rings, and length was measured 
only in those cases in which it was evident from other sections in the series 
that one or both the daughter fusiform initials resulting from the division 
had survived. Pseudotransverse divisions in shrinking, failing fusiform 
initials (Fig. 1,@) were excluded. Similarly no cognizance was taken of 
second transverse divisions which sometimes followed closely upon the first 
division (Fig. 2, b). The measurements totalled several thousand. 


TABLE I 
RANGE OF MEANS AND GRAND AVERAGES RELATING TO TRACHEID LENGTH (AT PSEUDO- 


TRANSVERSE DIVISION) AND RAY VOLUME IN THE PERIPHERAL 
WOOD OF STEMS 6-12 IN. IN DIAMETER 


Tracheid No. of No. of 

length at ray cells ray cells Ray No. of No. of 
Ring width pseudo- in contact | per mm. height in rays per | ray cells 

transverse with length of | rows of cells} sq. mm. |persq.mm. 


division, mm.}__ tracheids tracheids 


0.6 mm. and | 2.39-3.65 | 16.2-29.2 2.21-3.46 | 36-60 | 122-177 
less (2.98) (22.1) 7.3 (3.07) (46) (139) 
0.7-1.0mm. | 2.58-3.71 | 22.8-35.4 2.74-4.99 | 35-63 | 127-277 
(3.08) (28.3) 9.2 (3.42) (50) (170) 

1.1-1.9mm. | 2.16-3.25 | 22.0-41.1 2.78-6.55 | 36-73 | 130-296 
(2.72) (28.7) | 10.6 (3.97) (52) (205) 

2.0 mm. or 2.04-3.26 | 22.3-45.9 2.96-5.71 | 43-74 | 143-331 
more (2.64) (31.2)| 11.8 (4.21) (56) (233) 


Data on the length of tracheids, obtained as described above, and width 
of the annual rings are presented in Table I and Fig. 6. The range of vari- 
ability in cell length was very great, even among samples from trees of similar 
size and growth rate. However, as shown in Fig. 6, a smoothed line of best 
fit drawn through the mean values of cell length for different size classes of 
ring width reveals that maximum length at the time of pseudotransverse 
division occurred in stems possessing relatively narrow rings, 0.7 to 0.8 mm. 
in width. In stems with wider rings the cells were usually shorter. The 
number of samples from trees with extremely narrow rings was too small for 
the results to be regarded as significant, but, as in vigorous trees, a reduction 
in length was indicated. It may also be noted that cell length was slightly 


Fics. 1-5. Drawings from tangential sections of the secondary xylem showing aspect 
of tracheids formed immediately after pseudotransverse division of the initiating fusiform 
cambial cells. Fic. 1. Pseudotransverse divisions in failing (a) and continuing files of 
fusiform elements. Fic. 2. Sequence of second transverse division (b) shortly after 
the first. Fic. 3. Preferred orientation of dividing anticlinal walls in neighboring cells. 
Fic. 4. Reversal in tilt of new-formed anticlinal walls in same radius but a few growth 
rings later. Fic. 5. Dissimilarity in tilt of dividing anticlinal walls in adjoining cells, 
a less frequent phenomenon. 
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3.6. ----O--- Stems 10-12 inches diam. 
——e——-Stems 6-9 inches diam. 


2.8 4 


LENGTH OF TRACHEIDS AT PSEUDOTRANSVERSE DIVISION IN MM. 


0.5 1.0 1.5 2.0 2.5 3.0 3.5 
RING WIDTH IN MM. 


Fic. 6. Mean length of tracheids formed immediately after pseudotransverse division 
of the initiating fusiform cambial cells and ring width in the peripheral wood, at height of 
3 ft., in stems 6-12 in. in diameter. 


greater in the periphery of stems 10-12 in. in diameter than in stems of 6-9 in. 
size. This is in agreement with the general tendency for tracheids to lengthen 
outward from the pith as noted by several authors (3, 5, 12, 13, 15, 18, 21, 
23, 25, 26, 27, 28, 32). 

A conclusion which would seem to follow from the relationships indicated 
above is that length of tracheids at any given point in the xylem is influenced 
not only by present growth conditions but also by those which prevailed 
earlier. Since growth trends varied in different trees, another variate was 


th 
i e al 
= 
e p 
m 
° 
3.4 ri 
a oO! 
3.2 e g 
\e 
\ 
° e 
ry ° e e 
e 
Oe-. 
e e Py ° ° 
3 
4 ee % 
e 
° 
e 
22 © 
e 
| 
4 2.0 


BANNAN: STEM WOOD OF T. OCCIDENTALIS 471 


thus unfortunately introduced. Most of the open-grown trees, which like 
all others selected were of medium size, were probably nearing or experiencing 
maximum growth rates, and there were indications that the width of the 
peripheral rings had as yet undergone little if any of the diminution which is 
part of the usual pattern of growth (Duff and Nolan (16) ). In other speci- 
mens, particularly those growing under semiopen conditions, reduction in 
radial growth was under way as shown by gradual but progressive narrowing 
of the peripheral rings. On the other hand, in the case of trees standing in 
close array, the outer rings tended to be uniformly narrow, the retardation of 
growth in these trees evidently having been initiated many years before. 

It is noteworthy that in nearly all specimens where reduction in width of the 
peripheral rings occurred, the diminution was of moderate extent such as 
associated with the usual cycle of tree growth. This normality was no doubt 
attributable in part to the selection of trees of medium size. Hence the 
fluctuations which sometimes occur in overmature specimens or the develop- 
ment of eccentricities associated with fluting of the stem were not encountered. 
In only a few instances were sudden or drastic differences in ring width noted 
in the peripheral growth. The number of such cases was insufficient to allow 
conclusions regarding the influence of suddenly altered growth rates on 
tracheid length. However, it may be stated that in one specimen where the 
ring width decreased from 2.07 mm. to 0.7 mm. in the peripheral wood, 
mean cell length at pseudotransverse division expanded from 2.19 to 2.60 mm. 
This is in agreement with the trend shown in Fig. 6 where maximation of cell 
length is shown to be associated with ring width of 0.7 to 0.8 mm. In 
another tree, where the outer rings suddenly narrowed from 1.7 mm. down to 
the very poor growth of 0.43 mm., cell length dropped from 2.87 to 2.67 mm., 
the reduction here corresponding to the left-hand portion of the curve in 
Fig. 6 relating to trees of very slow growth. 

The data in Table I and Fig. 6 are a measure of the maximum length of 
tracheids since they relate to the length of these cells at the time of pseudo- 
transverse division of the initiating cambial cells. The mean length of all 
tracheids in any annual ring, produced at various stages in the cycle of 
elongation of the fusiform initials, will obviously be somewhat less. Estimates 
of the latter value were achieved by measuring the length of random cells, 
as seen in tangential sections of both early and late wood, and averaging the 
two determinations. The values so obtained were 7-15% less in different 
specimens than the corresponding figures for maximum length at pseudo- 
transverse division. A similar range of disparity was noted in both wide- 
and narrow-ringed stems, although on the whole the magnitude of difference 
was slightly less in the latter. 


Tracheid Length and Position in the Annual Ring 


A relationship between location in the annual ring and length of tracheids 
has been noted in the literature. Lee and Smith (26), Kribs (25), Chalk (15), 
Helander (21), and Anderson (3) reported that in any given year late wood 
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tracheids were longer than the early wood cells. Also in Eucalyptus Amos 
et al. (2) found the longest fibers in late wood, although here a different type 
of cell elongation is involved. By way of contrast Gerry (18) discovered that 
the longest tracheids in loblolly pine were in early wood. 

Several trees of Thuja occidentalis were checked for the relationship between 
tracheid length and location in the ring. The mean length of tracheids was 
computed from serial tangential sections of the first-formed early wood and 
that portion of the late wood adjoining but not including the two to three 
rows comprising the terminal part of the ring. This method was selected in 
preference to the usual technique of using macerations for determination of 
tracheid length since it enabled all measurements to be made from precise 
portions of the annual ring. Moreover, since each cell measurement is from 
a different radial file of tracheids, the mean obtained by this method should 
be more truly representative than that determined from macerations where 
the cells are a mixture from the same and different radial series of elements. 
Furthermore, the measurements from sections are more broadly based in that 
they include data from radial files of elements in varied stages of development, 
some multiplying, others coming to an end. The latter consist of more or 
less shrunken cells which would probably be overlooked or dismissed if 
observed in a maceration. 

Measurements obtained as described above showed mean tracheid length 
in late wood to exceed that in early wood of the same or succeeding growth 
ring. Much variation occurred among trees of similar growth rates, but on 
the whole the differences in mean length between early and late wood were 
greatest in the trees with the wider rings. The differences were of the order 
of 2 or 3% in trees with rings 0.6—-0.7 mm. wide as compared with differences 
of 4-27% where ring width ranged from 2 to 3 mm. 

The explanation of the occurrence of longer tracheids in late wood lies in 
the fact that in the cycle of division and elongation involved in the multiplica- 
tion of fusiform cambial cells, the pseudotransverse divisions occur for the 
most part toward the end of the growing season. These estival pseudo- 
transverse divisions are followed by elongation of the new-formed sister 
initials through the following year, the amount of extension during the pro- 


duction of the last half of the annual ring much exceeding that in the first 
half (Bannan (8) ). : 


It is obvious that the differences in mean tracheid length from early wood 
to late wood will depend to a considerable extent on the frequency of pseudo- 
transverse division of the fusiform cambial cells and the rate of yearly elonga- 
tion of the derived daughter initials. Although much variation exists, even 
among trees of similar size and growth rates, the pseudotransverse divisions 
tend to occur more often in any given year in the rapidly growing trees. The 
amount of cambial cell elongation per year is also greatest in these trees. 
Hence, owing to the operation of these two factors the differences in mean 
tracheid length between early wood and late wood are usually greater in the 
wider rings, as shown in the data given above. 
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Tracheid Diameter and Ring Width 


The few investigators who have reported on the topic have failed to find 
a definite or consistent relationship between tracheid diameter and ring width 
or site. Myer (31) discovered only slight interregional differences in tracheid 
size in Pinus strobus and Tsuga canadensis, the intraregional variation much 
exceeding the small differences in the means from different sites. In his 
study of Pinus contorta growing in three types of habitat, Kienholz (23) found 
that tracheid diameter was appreciably greater in trees in more favorable 
habitats where annual radial growth was greatest. On the other hand, 
Harlow (19), in his investigations of Thuja occidentalis from two sites, observed 
only minute differences in tracheid diameter, the cells in this case being very 
slightly larger in suppressed as compared with fast growing trees. In 
Cupressus glabra the author (10) was unable to find a significant difference 
in tracheid size at two contrasting sites. 

The observations on tracheid diameter herein reported were made from the 
samples used for determination of cell length togetl2r with some additional 
material. The measurements of tracheid diameter were limited to the outer- 
most two or three rings, and in all cases were made from transverse sections. 
The data on tangential diameter were compiled from measurements of 200-300 
cells in each sample, the cells being measured in scattered, random groups of 
10 or more along the boundary between the two outer rings. Estimates 
obtained by this conventional method obviously do not reveal the true 
maximum width of the tapered tracheids, since this may be determined only 
from tangential sections or macerations. However, the data so procured are 
usable for comparative purposes as the extent of error is probably of similar 
proportions in all cases. Radial diameter was also determined from trans- 
verse sections. The first 5-10 early wood cells were measured in groups at 
intervals around the outermost two to three rings in the sector available. 
Measurements were made from more than one ring since differences in radial 
diameter sometimes occur in successive rings. “The mean size for each sample 
was computed from 200-300 cells. 

The data obtained by these methods are given in Table II. The results 
are summarized for four classes of stems according to the amount of yearly 


TABLE II 


RANGE OF MEANS AND GRAND AVERAGES RELATING TO TRACHEID DIAMETER IN THE 
PERIPHERAL WOOD OF STEMS 6-12 IN. IN DIAMETER 


No. of stems 


| Tangential diameter | 
tracheids, 


Radial diz 
tracheids, 


0.5-0.65 12 | 21.4-25.3 (23.7) | 26.2-30.4 (29.2) 
0.7-1.0 27 | 20.5-27.2 (23.8) 28.1-34.5 (32.0) 
1.1-1.9 51 | 21.1-27.5 (23.2) | 28.0-36.3 (32.4) 

> 2.0 32 | 19.2-24.5 (22.3) | 28.4-35.9 (32.0) 
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radial increment. Included in each class are trees in the diameter range of 
6~12 in., selected so that in all classes but the first, which consists of suppressed 
trees, two-thirds of the stems are 6—9 in. in diameter and one-third are 10-12 
in. in size. Because of the similar distribution of stem sizes in each class, 
the factor of stem diameter, which also has some influence on tracheid size, 
cannot be considered an important variate in the data as presented. It will 
be noted that the differences in mean tracheid diameter among the four 
classes of trees were minor. ‘Tangential dimensions tended to maximate and 
radial diameters to be at a minimum in suppressed trees, but the differences 
in the means were so slight as to be of dubious significance. 


Ray Volume and Ring Width 


Research on vascular rays has been concerned largely with such aspects as 
ontogeny, evolutionary trends, generic differences, and variations in different 
parts of the tree. Few studies have been made on the interrelations of habitat, 
rate of growth, and ray size and frequency. Hartig (20) reported that ray 
volume in oak was greatest in trees growing in the open or released from 
shade. Geiger (17) found that teak growing in good soil had higher rays 
than trees in poor soil. According to Myer (30) lowland trees of Fraxinus, 
Liriodendron, and Taxodium had higher ray volume than upland trees. In 
the case of Pinus strobus and Tsuga canadensis this author (31) considered the 
interregional differences in ray volume were slight in comparison with the 
extensive intraregional variations. Harlow (19) discovered that ray volume 
in Thuja occidentalis was slightly higher in the more vigorous trees growing on 
limestone than in trees in a cedar swamp. In Thuja occidentalis, Tsuga 
canadensis, and Larix laricina the writer (6) found mean ray height to be 
greatest, at similar linear distances from the pith, in specimens with the 
widest annual rings. 

The wood samples which served as the source of information on tracheid 
size were also used for the acquirement of data on the size and distribution of 
xylem rays. The mean ray height, in rows of cells, was determined from 
radial sections of the peripheral wood. Sections in this plane were preferred 
to those cut tangentially because the rays show up more distinctly and the 
counts are more accurate. Generally 100 rays were measured, but in the 
specimens with either abnormally high or low rays the number was increased 
to 200 or more, and reference was made to sections cut from opposite ends of 
the sample chip. The frequency of the rays was computed from tangential 
sections, the mean being determined from counts in several scattered low- 
power fields. Estimates of ray volume, expressed in numbers of ray cells, 
were obtained by multiplication of the values for mean ray height and mean 
ray frequency. 

Mean ray height varied widely in different trees, in some cases despite 
similarities in stem size and growth rate. However, the data from more 
than one hundred trees show that the mean height tended to increase with 
widening of the annual increment (Table 1). Ray frequency likewise fluctuated 
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Fic. 7. Mean numbers of ray cells per sq. mm. of tangential section and ring width in 
the peripheral wood of stems 6-12 in. in diameter. 


over a wide range, but in stems of similar size the ray density was generally 
slightly greater in the faster growing trees. As a consequence of the tendency 
toward both greater height and higher frequency, ray volume usually expanded 
substantially as growth rates increased (Table I and Fig. 7). 


Discussion 


Although a general relationship between ring width, tracheid length, and 
ray volume is indicated in the summation of the data from many trees, the 
independent fluctuation of these characteristics in several specimens is not 
without significance. It would be a gross oversimplification to assume that 
cell size and ray volume were related solely to the inconstancies of a single 
variate. What, for instance, was the cause of a 14% difference in cell length 
at similar linear distances from the pith and in the same growth ring, but in 
opposite radii, in the stem base of one of the trees studied ? Why also in 
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this particular tree were the cells shorter in the peripheral wood on that side 
of the stem with the narrower growth rings, a situation contrary to the trend 
observed in other stems ? 

The existence of such fluctuations as described above and wide dispersion as 
shown in Figs. 6 and 7, due to the action of unidentified influences, complicates 
morphogenetic investigation. In our present ignorance the selection of 
material in which all but one of the variables determining cell size are 
eliminated would seem an unlikely achievement. Therefore, a prerequisite 
in studies of causal relationships would seem to be recourse to extensive 
sampling in the hope of obtaining dispersal of the unknown factors through 
the range of the selected variates. 

Although some undetermined influences are operative, the data on ring 
width and cell length do permit certain general conclusions. Apparently the 
conditions which favor increased radial growth, that is more frequent periclinal 
divisions in the cambium, also stimulate earlier pseudotransverse division in 
the multiplicative cycle of fusiform initials. Hence shorter tracheids result 
in the faster growing trees. As growth rates decline pseudotransverse divisions 
are delayed and mean tracheid length increases until maximation is attained 
in trees with rings 0.7 to 0.8 mm. wide. The trend in suppressed trees 
possessing rings less than 0.7 mm. wide is not clear. A reduction in cell 
length was indicated in the specimens examined, but the number of trees was 
too small and the variability too great for much significance to be attached to 
the results. A noteworthy feature of some, but not all of the slowly growing 
trees was the relatively frequent occurrence of pseudotransverse divisions 
despite very slight perimeter increase. 

Pseudotransverse divisions in the cambium do not seem to be the conse- 
quence of the operation of a single factor. Cell length is undoubtedly 
important in that the longer cells are more prone to transverse division than 
the shorter cells. However, the wide range in length of neighboring trans- 
versely dividing cells, and the not uncommon occurrence of second pseudo- 
transverse divisions following upon the first, producing subdivision to the 
second order, demonstrate that cells are not dividing simply because they 
have attained a certain maximum size. The existence of some stimulus or 
stimuli acting upon fusiform cambial cells generally is indicated not only by 
the more or less simultaneous pseudotransverse division of cells of different 
lengths, but also by the fact that the cells in sectors of the cambium divide 
in a similar manner, with newly formed anticlinal walls oriented in the same 
direction (Fig. 3). In the samples studied a preferred orientation, with 
deviation in only a small percentage of the divisions, was noted in approxi- 
mately 70% of the growth rings examined. In the remainder a mixed condi- 
tion obtained (Fig. 5). In some specimens the direction of orientation 
remained unaltered through the next one or two rings, whereas in others a 
reversal in tilt occurred (see Fig. 4 as compared with Fig. 3). In all but the 
most retarded trees the stimuli inciting pseudotransverse division seem to 
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bear some relation to growth rates. There is also intensification with passage 
of the growing season, maximum response occurring during the final periclinal 
divisions of fusiform initials when the ring nears completion. 

It is not possible here to identify or assess the importance of the various 
determinants which may be involved in the relationship between vigorous 
growth and shorter cambial cells. As will be mentioned later when the 
significance of rays is discussed, certain correlations suggest the importance 
of the nutritional aspect. The problem of growth stresses also cannot be 
overlooked. According to Jacobs (22) and Boyd (14) circumferential stresses 
of considerable magnitude exist in many tree species. Questions arise as to 
whether these stresses are of uniform intensity throughout the growing season 
or are of similar magnitude in slow-growing and vigorous trees, and if they 
differ, the nature of their influence on cell division in the cambium. Wardrop 
(34) has shown that the application of pressure on a growing stem of Pseudo- 
tsuga douglasit induced the formation of shorter tracheids, apparently the 
consequence of increased pseudotransverse divisions in the cambium. 

Apparently a different explanation has to be sought for the pseudotransverse 
division of failing fusiform initials which are about to cease the production of 
elongate vascular elements. The associated transverse and asymmetric 
periclinal divisions, which result in rapid reduction in cell size prior to the 
ensuing maturation (Bannan (9) ), seem part of a degenerative transformation. 


The data on rays reveal a general relationship between ray volume and 
ring width. The fastest growing trees tend to have the largest individual 
rays and the greatest mean ray height. Sensitivity of the cambial ray cells 
to growth conditions may also be observed within a single tree. In old stems 
that exhibit a narrowing of the peripheral rings a decrease in mean ray height 
is a frequent concomitant of reduced radial growth. The size of individual 
rays diminishes as sporadic rows come to an end owing to loss of generative 
capacity and eventual maturation of the ray initials involved. 

A corollary of the greater ray volume in vigorous trees is the augmentation 
of the ray contacts of fusiform initials and their derivatives. The important 
influence of ray contacts on cambial cells is demonstrated by the contrasting 
behavior of neighboring fusiform initials in any sector of the cambium. 
Among nearby cells the fusiform cambial cells with the most extensive ray 
contacts tend to continue the normal functions of repeated periclinal division, 
elongation, and multiplication by pseudotransverse division, whereas many 
of the initials with poor ray contacts fail (Bannan (8) ). If local influences 
have such effects on cambial cell behavior, it is to be expected that circum- 
stances related to growth in large sections of the cambium are not less 
important. 


As regards cambial behavior generally, it should be noted that some of the 
commonly held conceptions which have served as the basis for speculation in the 
literature are without foundation. For instance, the multiplicative divisions 
of cambial cells do not necessarily occur at a frequency directly related to 
circumferential expansion. In Thuja and Chamaecyparis pseudotransverse 
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divisions sometimes follow in relatively rapid sequence, mortality of the 
newly formed daughter initials is high and the net gain in number of cambial 
cells is slight. The elongation of the initials between pseudotransverse 
divisions does not proceed at a slow uniform rate but follows an inherent 
cyclic pattern which is often drastically modified by the nature of the local 
cell contacts. Owing to the prevalence of unexpected behavior in the cambium 
there is no satisfactory substitute for tedious repetitious observations. 
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SEROLOGICAL OBSERVATIONS ON THE ACTINOMYCETES 
ASSOCIATED WITH POTATO SCAB! 


By R. J. DouGLas? AND E. H. GARRARD*® 


Abstract 


Using rabbit antisera and a simple flocculation test, a striking similarity in 
serological behavior is shown to exist between strains of Streptomyces capable 
of causing potato scab. This similarity in reaction is not apparent in tests with 
nonpathogenic isolates. The possible significance of these results with regard 
to the antigenic constitution of the organisms is discussed. 


Introduction 


Potato scab research has long been hampered by the lack of a rapid, reliable 
method for the detection of potential scab producing actinomycetes. Up to 
the present, time consuming greenhouse infection trials have been considered 
to be the only definite method of establishing pathogenicity. Many 
biochemical tests have been suggested to distinguish pathogenic actinomycetes 
from accompanying nonpathogenic forms, but even the method of Taylor 
and Decker appears to be unreliable as found by Vaisey (8). With other 
microbial groups (Salmonellae, Streptococci) the lack of differential physio- 
logical characteristics has led to the use of serological methods to detect 
subtle differences between closely related forms. 

The literature dealing with the serology of actinomycetes has been reviewed 
by Ludwig and Hutchinson (4) and again more extensively by Slack et al. (6). 
Most of the early work was concerned with the pathogenicity of actinomycete- 
like organisms, or attempted to show relationships between these organisms 
and those of more completely described genera. Complement-fixation, 
agglutination, and precipitin methods were employed. The limited number 
of serological studies of the actinomycetes has been ascribed to their fila- 
mentous mode of growth and the consequent limitations imposed upon 
conventional serological procedures. 

Ludwig and Hutchinson (4) described a technique for the disruption of 
actinomycete mycelium and showed that precipitin and agglutination tests 
could be carried out with these preparations. They used these methods to 
identify and show relationships between organisms of the genera Actinomyces, 
Nocardia, and Streptomyces. Douglas and Garrard (2), using extracts of 
homogenized mycelium, described a simple, short term, high temperature 
flocculation test, and suggested that it might be more widely applicable where 
special apparatus was not available. 

The present work describes the use of the latter procedure in an attempt to 
differentiate pathogenic, scab producing actinomycetes from nonscab produc- 
ing types. An effort was made to correlate the results with the pathogenicity 
of the cultures as determined by greenhouse infection trials. 

1 Manuscript received January 28, 1954. 
Contribution from the Department of Bacteriology, Ontario Agricultural College, Guelph, 
Ont. Part of the program of the Potato Scab Research Committee in Ontario. 
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Source and Identity of Cultures 

Culture 37P was obtained from the Department of Agronomy, University 
of British Columbia. All others were obtained from the Dominion Laboratory 
of Plant Pathology, St. Catharines, Ont. The cultures were subjected to 
pathogenicity trials on tubers of the Katahdin variety, the brown-ring test 
of Taylor and Decker (7) and the chromogenic reaction in Difco peptonized 
milk (9). The origin of the cultures and comparative tests are shown in 
Table I. It will be noticed that there was good correlation with all the 
cultures with the exception of the two (1£61 and 1F3) that were isolated from 
the soil; while showing positive brown-ring and chromogenic reactions of the 
pathogenic group, 1£61 failed to produce scab on tubers and 1F3 produced 
only a trace of scab. 


TABLE I 


ORIGIN AND COMPARATIVE TESTS OF PATHOGENIC AND NONPATHOGENIC ACTINOMYCETES 


Culture Origin Pathogenicity 
Tuber lesion St. C. + + 
P20 . “ + + 
P22 + + 
P23 + + + 
P24 + + 
P28 = + + 
1 F3 Soil St. C. + Trace 
SB Tuber lesion St. C. - = = 
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On the basis of the production of sporogenous aerial mycelium, all cultures 
could be classified as species of the genus Streptomyces. No further characteriza- 
tion was attempted. Pathogenic cultures, designated ‘“‘P’’, were assumed to 
be strains of Streptomyces scabies, although this concept has been questioned 


(9). 
Antigen Preparation 

Stock cultures were maintained on synthetic Richard’s Asparagine Agar 
(5)*. Spore suspensions washed off the slants with ‘‘Tween 20” solution 
(1 : 5000) were inoculated into flasks of liquid Richard’s Asparagine medium 
and incubated at 27° C. on a reciprocating shaker. Four- to five-day cultures 
were harvested on a Buchner funnel and ground in a Potter homogenizer in 
a minimal quantity of 0.85% saline solution. Additional saline was added 
to make a dense suspension and this material, dispersed by vigorous shaking, 
was used without further treatment for animal inoculation. Fresh material 
was prepared immediately prior’ to each injection. The use of a liquid 
synthetic medium was based on the findings of previous workers (6). 


Animal Inoculation 


Antisera were established against three known scab producing cultures, 
P23, P29, and 37P; three nonscab producing cultures, $21, $25, and $29; 
and the soil isolates, 1£61 and 1F3, which gave positive brown-ring and 
chromogenic reactions similar to those of the pathogenic cultures. Young 
rabbits (under four months) whose serum showed no activity with actino- 
mycete extracts were used throughout. The animals were given 0.5 ml. 
injections into the marginal ear vein at approximately four-day intervals until 
a total of six injections (3.0 ml.) had been administered. Nine days after 
the last injection, the animals were bled from the jugular vein and the serum 
harvested and stored in the refrigerator. Serious shock reactions precluded 
a longer course of injections. It should be noted that viable preparations, 


such as herein employed, have been shown to bring about pathological changes 
in rabbits (3). 


Serum Testing 


The addition of 0.2% Difco Yeast Extract to the Richard’s Asparagine 
medium greatly accelerated growth and was used routinely for the cultivation 
of cellular material for test antigen preparation. The mycelium was homo- 
genized with AIO; and extracted with saline solution overnight at a tempera- 
ture of 8°C. The addition of AlO; had no apparent effect on the reactivity 
of the extracts, but materially improved the efficiency of the disruption 
procedure (1). The saline extract, cleared by centrifugation, was adjusted 
with saline to a N content of 100 wgm./ml. (micro-Kjeldahl). Serum dilutions 
and the incubation of tests were carried out as previously described (2). 
Tubes were observed for flocculation and sedimentation by bright transmitted 
light against a dull background. 


* As outlined by Schaal, with the substitution of 1.0 gm. of asparagine for 1.0 gm. of 
potassium nitrate. No yeast extract or thiamine was added. 
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Results and Discussion 


The reciprocal of the highest serum dilution in which definite macroscopic 
flocculation was observed after three to four hours at 55° C. is recorded for 
the various antigen-serum combinations in Table II. 

The similar reactivity of the pathogenic isolates when tested with antisera 
P29, P23, or 1F3 suggests that these forms represent a rather homogeneous 
group, possessing at least one antigen in common. Flocculation of members 
of this group with antiserum 161 may be interpreted as indicating the 
presence of an antigen (s), the distribution of which is more restricted. The 
behavior of ‘‘S” cultures indicates that some serological relationships do exist, 
but that in contrast to the pathogenic isolates, these cultures appear to 
comprise a more heterogeneous group. 

The two soil isolates, 1£61 and 1F3, show a definite similarity in reaction 
to the pathogenic cultures, despite the fact that 1£61 did not produce scab. 
Conversely, culture 37P, a S. scabies isolate, on the basis of pathogenicity 
tests, shows only a limited serological relationship to the pathogenic group. 
Whether this could be interpreted as indicating that tuber infection may be 
caused by organisms other than S. scabies is not known. It is evident, 
however, that an absolute separation into pathogenic and nonpathogenic 
types cannot be made on the basis of these tests. 

Not evident in Table II is the fact that in many tubes an increase in 
turbidity occurred in the absence of definite flocculation. This was considered ° 
to be the result of a low order precipitin reaction. Indeed, preliminary work, 
using the interfacial ring test of Lancefield, showed such frequent cross 
reactions that the technique was discontinued in favor of the flocculation 
test herein reported. 

Ludwig and Hutchinson (4) reported that S. scabies gave rise to numerous 
cross-reactions when tested with heterologous antisera. To explain their 
results they conceived of the antigen complex of the organism as being 
composed of a group and a specific fraction. The flocculation of the patho- 
genic cultures interpreted in this light would indicate that this group antigen 
represents a very considerable and/or highly reactive portion of the antigenic 
complex of these isolates. An attempt to separate or eliminate this fraction 
would appear to be the most promising field for future work with this group. 
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A CONTRIBUTION TO THE CONCEPT OF WOUND 
REPAIR IN WOODY STEMS! 


By W. GEORGE BARKER? 


Abstract 


Those xylem ray cells closely associated with the cambial zone will unite in 
proliferating with other cells recently derived from the cambium following the 
wounding of a basswood stem. However, ray cells remote from the cambium, 
although potentially meristematic, will fail to divide. Nonetheless these latter 
will grow out occasionally when the ray, exposed during the culturing operation, 
is closely connected with actively growing callus tissue. Parenchyma through- 
out the body of the secondary wood of the basswood has been shown to proliferate 
whenever a mass is exposed which is considerably larger in volume than a 
normal multiseriate ray. The healing of wounds in the linden best should be 
considered as a function of active, newly formed, cambial derivatives and not 
as a reaction dominated by any one tissue. 


Introduction 


The question of wound repair in the stem of woody plants has been con- 
troversial for many years. Some authors have alleged that the bulk of the 
repair arises from the cambium while others have designated the medullary 
rays as the main source of the callus. The pioneer work of Trécul (12) 
indicated that in the early spring the whole of the new growth, those cells 
destined to become tracheids as well as those which were to become xylem 
rays, added to the formation of callus. Sharples and Gunnery (10), while 
pointing out that the terminal ray cells contribute liberally because of their 
favorable location with regard to nutrition and translocation, demonstrated 
that the whole of the recent cambial derivatives grow out and add to the 
new callus. Nonetheless they consider that the repair is brought about 
predominantly by medullary ray elements. Sass (9) stated that the callus is 
produced exclusively by tissues located outside of the vascular cylinder but 
recognized that the cambium may contribute very little, the bulk of the 
callus arising from the very early centrifugal cambial derivatives. LaRue (6) 
found that the callus formation followed, for the most part, the pattern as 
outlined by Sharples and Gunnery (10). 


Consideration of the work of these authors discloses an essential similarity 
of findings despite their apparent differences. All of the reports recognize a 
general contribution from recent derivatives of the cambium. The enigma 
appears to be whether the rays proliferate to a greater extent than does any 
other tissue. <A consideration of the proliferative capacity of cells centripetal 
to the cambium bears directly on this problem. 


1 Manuscript received September 24, 1953. 
2 Contribution from the Department of Botany, Ontario Agricultural College, Guelph, 


Ontario. 
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Materials and Methods 


The materials used throughout this study and the methods of culturing 
have been described earlier (2,3). Four- or five-year-old basswood ‘“‘sucker”’ 
stems were cultured on variations of White’s (13) medium in accordance with 
the needs of the experiment. The cultures were maintained in diffuse light 
and at room temperature. 


Observations and Results 


The general process of primary callus formation as reported by Sharples 
and Gunnery (10) in Hibiscus rosa-sinensis is readily duplicated in the linden 
by culturing stems following surface disinfection and gross removal of the 
bark. Fig. 1 is indicative of the callus response to this treatment. Growth 
is general throughout the cambial region but at the same time proliferation is 
more vigorous proceeding outward from the centrifugal termination of the 
xylem rays. It is very easy to suppose, on the basis of this, that the bulk of 
the outgrowth comes from the xylem rays. This supposition, in the strict 
anatomical sense, is valid and, as mentioned before, can be supported by 
arguments of favorable nutrition and translocation (10). 

A second experiment was set up in order to obtain a more complete picture 
of the potentialities of the xylem ray parenchyma as active material. The 
stem pieces, following surface disinfection, and removal of the bark, were 
divested of a further layer of cells to a depth of approximately 1 mm. This 
experiment was repeated several times using a total of some 400 cultures from 
various sources. No macroscopically detectable outgrowth was ever observed 
while the prepared slides invariably demonstrated a complete lack of prolifera- 
tion, Fig. 2. It would appear from this that the parenchyma of the rays is 
not potentially active, in the sense that it will proliferate, unless the cells are 
located in the immediate vicinity of the cambium, i.e., are recent cambial 
derivatives. Substantiating evidence was obtained when the xylem ray cells 
of naturally growing linden sapling stems failed to proliferate following a 
wounding to beneath cambial depth even when they were provided with a 
humid atmosphere. 

The foregoing experiment yielded a result which was strikingly clear-cut. 
However, other evidence arising from a more general study of proliferation 
throughout the stem of the basswood could be considered in connection with 
the problem of ray proliferation. Occasionally when medullary sheath 
cultures were established small outgrowths appeared on the face of the other- 
wise inactive wood. ‘These took the form of small mounds or nodules of 
proliferating cells or, rarely, appeared as a flange or ribbonlike structure 
growing out vertically from the plane surface of the wood. 

Prepared sections showed that these structures had originated in a variety 
of situations throughout the secondary wood and came, for the most part, 
from aggregations of parenchyma. A number of these structures were seated 
in nucleate accumulations termed “pith flecks’ by Record (8) who attributed 
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their existence to the feeding of mining insects in the bark and cambium of 
trees. The wound repair and subsequent regeneration of a cambium resulted 
in islets of parenchyma included in the secondary wood, Figs. 3 and 4. Such 
areas will grow out in culture, Fig. 5. Occasionally the proliferation would 
originate in a mature xylem ray of abnormal proportion, Fig. 6. Infrequently 
the outgrowth, as earlier mentioned, would have the appearance of a flange 
or ribbon, Fig. 7. Stained sections indicated that the ribbonlike appearance 
resulted from a combination of circumstances; a mass of viable parenchyma 
which extended inward from the exposed surface of the nonactive wood, a 
unidirectional and intercalary growth of this contained mass restricted by the 
rigid walls of the vascular elements. Every flange observed has possessed 
these characteristics. 


Outgrowths from the secondary wood have all arisen from a mass of 
associated parenchyma greatly in excess of the bulkiest normal ray of the 
species. It would seem that, in this material, the ability to proliferate depends 
upon the exposure of a large aggregation of nucleate cells to a suitable environ- 
ment. The cells are potentially meristematic but the close association of a 
large number seems to be essential for growth. 


An apparent exception to this was discovered when a few nodules were 
investigated which grew from four-to five-year-old cells of normal rays. It was 
noted, however, that each of these latter outgrowths was seated in a mature 
ray that was intimately connected with actively proliferating tissue of the 
medullary sheath region, Figs. 9 and 10. The ray cells were able to grow 
out provided they were in close contact with tissues that already had begun 
active growth, i.e., they were essentially a part of a large mass of parenchyma. 


It is of some interest, perhaps, to consider the nature of the cells that 
proliferate. The xylem ray cells of ages ranging up to five years which have 
divided to form a callus are thick-walled and appear to be filled, for the most 
part, with tannin. The cells of the pith flecks, aged up to four years, possess 
thinner walls, although a number of meristematic cells are included with walls 
approximating the thickness of the mature ray cells, Fig. 3. The cells of the 


Fic. 1. Transverse section through cambial region of a proliferating stem piece of 
linden cultured for three days. The bulk of the growth has originated from the termina- 
tion of a xylem ray. 150 X. Fic. 2. Transverse section through a stem piece after 
two weeks in vitro. The cambial region and an additional 1 mm. of secondary xylem hz ne 
been removed prior to culturing. No proliferation has occurred. 150 X. Fic. 3. 
Transverse section of a three-year-old pith fleck. Note the variations in cells with regard 
to content and wall thickness. 200 x. Fic. 4. Typical ‘‘pith fleck’’ or accumulation of 
parenchyma in the secondary wood of the linden. 100 X. Fic. 5. Nodular prolifera- 
tion originating in a ‘pith fleck” cultured in vitro. 150 X. Fic. 6. Outgrowth in vitro 
from an isolated aberrantly large ray. 50 X. Fic. 7. Ribbonlike proliferation 
originating in an aberrantly large ray cultured in vitro. 10 X. Fic. 8. Tangential 
section through an actively proliferating ray of a cultured linden stem. Note the thick 
walls of some of the dividing cells. 200 X. Fic.9. Nodular proliferation from four-year- 
old cells of two xylem rays which connect with actively-growing medullary sheath region 
callus in a cultured linden stem piece. 100 X. Fic. 10. Nodular proliferation formed 
by the proliferation of a mature xy lem ray in a cultured linden stem piece. The ray is 
closely associated with actively growing callus tissue. 60 x. 
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medullary sheath, aged up to some fifty years, whether tannin-filled or clear 
have walls which approximate the thickness of the walls of the mature ray 
cells. Since no assay has been made to determine the state of lignification 
of the walls of the various cells, their classification as primary or secondary 
cannot be attempted at the present time. In any case, such classification at 
present is controversial (4). This phase of the work is important and should 
warrant further study. 


Discussion 


The activity of xylem ray parenchyma as a meristematic cell type capable 
of division and growth has been demonstrated in cells up to five years by the 
techniques outlined in this and earlier papers (2, 3). This potential viability 
of ray cells was forecast by White (13) despite a contrasting citation by 
Haberlandt (5, p. 655) and the finding by MacDougall and Smith (7) that 
ray cells of the redwood took no part in callus or other regenerative formation. 
The nature of the activity appears, however, to be limited by a number of 
circumstances and to be rather clearly defined. 

It has been observed very frequently that when plant tissues are sub- 
cultured, a certain minimum size of the sample must be exceeded in order 
that continued growth may be assured. The reason for this is not apparent 
and it could be the result of a variety of things, ranging from an 
accumulation of natural growth substances in unseemly amounts to the 
mechanical destruction of too many cells, proportionately, in the subculturing. 
In any case when a piece is made too small the culture will stagnate, and 
eventually perish. 

It is suggested that such a situation might exist here. The mature rays, 
certainly consisting of a reduced volume of viable tissue, grow but rarely and 
then under rather specific circumstances. Either a ray must be abnormally 
massive or it must contact directly a mass of proliferating cells. The 
individual rays, in other words, lack the ability to initiate growth when 
exposed to an environment which is favorable to proliferation of the paren- 
chyma of the species, yet they can divide if stimulated to do so through contact 
with actively growing tissues. The research tends, therefore, to negate the 
consideration of the differentiated xylem ray parenchyma as a primary source 
of callus in this species. 

Normal wound healing of ‘‘barked’’ material is brought about through 
repeated divisions of recent cambial derivatives, those destined as ray cells 
as well as those which would have become tracheids. The bulk of the repair 
appears to have arisen from cells which would have produced the xylem rays 
and this is so presumably because of their superior location with regard to 
supply and transport (10). 

It would appear that the regeneration of tissue for the repair of wounds, 
in the linden at least, is a function of what has been termed the cambial 
region. This active zone is what Sorauer (11) denoted as the cambium and, 
in consideration of the much more widely accepted views as presented by 
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Artschwager (1) and Esau (4) probably included the cambium and first 
derivatives. The cells here are enabled to divide because of their anatomical 
and physiological location. It would not be precise to state that the rays 
are most active in the repair process for, as demonstrated in this paper, the 
matured ray parenchyma alone is incapable, under most circumstances, of 
initiating division to promote a callus mass. 
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A DICENTRIC WHEAT CHROMOSOME IN DIVISION! 
By J. W. Morrison 


Abstract 


A dicentric chromosome was observed in the F: progeny of an interspecific 
wheat cross. It is suggested that the dicentric arose from breakage and fusion 
of two nonhomologous univalent chromosomes in the preceding meiosis. Because 
only a few bridges were observed in root tips, anther wall tissue, and in sectioned 
ovaries, it was concluded that the dicentric persisted in the plant because of 
parallel separation of the chromatids. Somatic variation was observed in some 
root tip cells. At meiosis, the dicentric was invariably paired with its two 
homologues and both centromeres were effective in orientation on the plate. 
Chains-of-five and even rings-of-five were formed in one spike. In another, the 
loss of one chromosome arm prevented such associations but several forms of 
trivalents occurred. In one spike, internal chiasmata were formed in the inter- 
centric region of the chromosome. On the chiasmatype theory of crossing over 
this should have caused bridges at succeeding stages. Besides the lack of 
bridges, in some cells at AI there was definite evidence that the dicentric was 
breaking apart and forming an extra chromosome. To explain this phenomenon 
it is suggested that the effect of the one centromere was nullified by the other 
and the full consequences of chromatid breakage and reunion in chiasma form- 
ation were not fulfilled. 


Introduction 


Dicentric chromosomes are chromosomes with two centromeres. The 
occurrence of dicentrics after treatment with mutagenic agents, chiefly 
X-rays (3, 6, 9, 13, 14, 18, among others) has frequently been reported. 
Dicentrics also arise in untreated material. Darlington and Wylie (4) in 
their article on the dicentric cycle in Narcissus classified the known dicentrics 
as induced or spontaneous with three categories of behavior: temporary; 
persistent; and permanent. The dicentric chromosome described here was 
spontaneous and persistent. It arose spontaneously and it persisted in the 
plant from the embryonic to the reproductive phase. It was not transferred 
to any progeny. 


Material and Methods 


The dicentric was present in an F, plant of the interspecific cross Triticum 
aestivum L. X Triticum dicoccum Schrank. The plant had 36 normal 
chromosomes and one dicentric. The dicentric chromosome was first observed 
in a squash of two root tips taken from a germinated seed. The seed was 
then potted and subsequent root tips were examined as the plant grew to 
maturity. The dicentric was present in all seven root tips examined. Four 
of these root tips were pretreated to shorten the chromosomes and disorganize 
the spindle. Three were examined for bridges at anaphase and telophase. 


1 Manuscript received January 28, 1954. 


Contribution No. 180 from the Cereal Crops Division, Central Experimental Farm, 
Ottawa, Ontario. 
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The plant produced four stunted tillers with heads about one inch long. 
Three of these were fixed for cytological studies and one saved for seed. 
Later six other tillers grew and these were also saved for seed. When the 
anthers failed to dehisce, the plant was pollinated with other pollen. Only 
three seeds were set—none carried the dicentric. 

A detailed examination was made of mitosis in root tips and in anther wall 
tissue. Three ovaries were also sectioned and dividing cells examined. The 
anther wall tissue was particularly good for mitotic studies because about 
two per cent of the cells were in division. While it was not always possible 
to distinguish between resting nuclei and cells at late telophase, an accurate 
as possible count of the bridges at telophase was made in both anther wall 
tissue and in root t’ps. Acetocarmine squash preparations of anthers were 
made from the three different spikes and also from florets within the spikes. 
The pairing behavior, the arrangement of the chromosomes at metaphase, 
and the position of chiasmata were studied in detail. Other meiotic stages 
were also examined to follow the behavior of the dicentric. 


Origin of the Dicentric 


Darlington and Wylie (4) suggested inversion crossing over in trivalents 
for the origin of the dicentric in Narcissus. Hair (7) suggested a similar 
method of inversion crossing over and chance transmission for the Agropyron 
dicentric. Sears and Camara (20) proposed two main theories both requiring 
breakage and reunion at meiosis for the formation of their wheat dicentric. 
The authors did not consider either explanation entirely satisfactory. 


The dicentric described here arose in the selfed F, seed of an interspecific 
wheat cross. There is therefore a possibility of both inversion crossing over 
and trivalent formation through pairing of homologous segments of chromo- 
somes from the different species. Indeed, Love (10) described bridges in a 
similar interspecific cross and attributed them to just that type of pairing 
behavior. However, in the analysis of the parental F, pentaploid (Morrison 
(16) ) inversion bridges were not recorded because it was not always possible 
to distinguish between stretched univalents, misdividing univalents and the 
fragments from such misdivision. Only two doubtful trivalents were recorded 
in 240 cells. We must therefore examine another method which may possibly 
account for the origin of the dicentric. 

At meiosis in the pentaploid there were from seven to nine univalents 
present. It has been well established that misdivision (breakage at the 


Fics. 1-8. The dicentric at mitosis. 1-4 at 1100 <, 5-8 at 2200 X. Fic. 1. Root 
tip, 37 chromosomes, 37 centromeres. Fic. 2. Root tip, 37 chromosomes, 38 centromeres. 
Fic. 3. Root tip, 37 chromosomes, 38 centromeres (note length of intercentric arm). 
Fic. 4. Root tip, 38 chromosomes, one a telocentric. Fic. 5. Anther wall tissue, inter- 
locked bridge. Fic. 6. Anther wall tissue, crisscross bridge. Fic. 7. Root tip, bridge. 
Fic. 8. Root tip, broken bridge, possible reunion of broken ends. 
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centromere) of univalent chromosomes occurs frequently at this stage. 
Frequently at TII (second telophase), univalent chromosomes lie on the 
spindle in such a manner that no direct centromere activity in movement can 
be seen but stretching of the chromosomes occurs (Morrison (16) ). This 
stretching has also been observed in Tulipa (Upcott (22) ) in Pisum (Koller 
(8) ) and in Fritillaria (Darlington (2) ). The later stages of stretching are 
illustrated by SAnchez-Monge (17) to explain his p-type of misdivision. A 
similar noncentromeric movement in Bromus has been explained by Walters 
(23) as an adaptation of the terminal region for movement. It is not 
unreasonable to suppose that after such distortion, points of rupture could 
arise in the chromosome arms near the centromere and not involve mis- 
division but simply chromosome breakage. If two of the lagging univalents 
were broken and the broken ends were included within one telophase nucleus, 
fusion of these two broken ends would produce a dicentric. 

In wheat there are some specific examples to show that chromosomes are 
sometimes broken at places other than at the centromeres. Along with the 
seed containing the dicentric, one of the other seeds from the selfed F; had 
40 chromosomes with one chromosome deficient for part of an arm. Chromo- 
somes with deficient arms have also been observed in the progeny of mono- 
somics by Sears (19). In monosomic plants, three pollen grains were found 
with chromosomes deficient for only a portion of an arm (Morrison (15) ). 
X-ray studies in Triticum (Gardé (6) and Morrison (14) ) have shown that 
reunion of broken ends giving dicentrics is common in wheat. The hypothesis 
of breakage in two univalents followed by fusion to produce a dicentric has 
therefore been advanced as a possible explanation for the origin of the wheat 
dicentric. 


Behavior of the Dicentric at Mitosis 


Mitotic Activity 


One of the clearest descriptions of the behavior at mitosis of dicentrics is 
given by Koller (9). He has summarized his own and other findings to show 
that dicentric chromatids may disjoin: parallel, crisscross, and interlocked, 
depending upon the number of twists or coils in the chromosome. Crisscross 
separation was common in Narcissus (Darlington and Wylie (4) ) and also in 
the Agropyron dicentric where the intercentric arm was long (Hair (7) ). 
The short Agropyron dicentric had only three per cent crisscross bridges. In- 
terlocking was restricted to the long dicentric in Agropyron and was uncommon 
in Narcissus. Bridges in somatic tissue in wheat were not classified by 
Sears and Camara (20). 

In contrast to the activity found in other genera, only a few bridges in the 
somatic tissue of Triticum were revealed by the present study. Only about 
one in every thousand cells had a bridge. Both crisscross and interlocked 
bridges were observed (Figs. 5-8). 
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Fic. 9. Dicentrics with different lengths of intercentric arms, from root tips. Band C 
show usual length of the intercentric arms, A and D are extremes and rare. 3500 X. 


Breakage and a reunion at different points along the intercentric region 
results in a variation in length of the intercentric arm (Fig. 9). This variation 
only arises from crisscross bridges—reunion after interlocking restores the 
original length. In the majority of cells pretreated to disorganize the spindle, 
the intercentric arm appeared to be about the same length. In a few cells 
however, the length of the intercentric arm varied considerably. 


Somatic Variation in Root Tips 


The dicentric was present in 37 of the 71 cells at arrested metaphase of 
mitosis in the root tips (Table I). In some of the cells scored as having 37 
chromosomes and 37 centromeres the extra centromere may have been 
obscured by a twist in the chromosomes. In the majority of cells of this 
class however, all chromosomes were sufficiently clear and only 37 centromeres 


TABLE I 


THE VARIABILITY IN ROOT TIPS AS INDICATED BY THE CELLS WITH THE VARIOUS NUMBER OF 
CHROMOSOMES, WITH OR WITHOUT THE DICENTRIC 


Cells with Cells with ‘Cells with Cells with 
Root tips Dicentric i Dicentric 
absent absent present absent 
1 2 11 20 8** 
2 0 a 12 1 
3 2 3 3 1 
+t 1 0 2 3 
Total 5 16 37 13 
Percentage 7.0 22:5 52.4 18.3 


* Chr. = chromosomes. 
** Includes one cell with 38 chromosomes but two of the chromosomes were dicentrics. 
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were visible (Fig. 1). These cells probably arose from breakage of the dicentric 
and exclusion of one centric portion of the chromosome. The possibility of 
reduction in the intercentric arm length and fusion of two centromeres cannot 
be excluded but is unlikely because no extremely short segments were observed. 
It would probably also require a considerably longer growth period to stabilize 
a dicentric as a monocentric (cf. Hair (7) ). 

As in other genera (cf. Darlington and Wylie (4) and Hair (7) ) reunion 
of broken ends is not invariable. Breakage without any reunion would 
explain the cells with 38 chromosomes and 38 centromeres. Breaks at the 
centromere were common giving rise to telocentrics (Fig. 4). 

Cells with only 36 centromeres and 36 chromosomes could arise in several 
ways: 

1. Nondisjunction and inclusion of both dicentric chromatids in one 
telophase nucleus leaves the other telophase nucleus deficient for the dicentric. 
This would also explain two dicentrics in one cell (see footnote Table I). 

2. Chromatids interlocked or crossed could be under sufficient tension to 
prevent broken ends from being included in the telophase nuclei. Such 
excluded products would become lost as micronuclei. 

3. Centromeres may have been damaged from tension in bridges. Being 
unable to function and orientate on the plate the centrics with damaged 
centromeres would be lost as micronuclei. 

As we shall see, there is evidence at meiosis that supports the hypothesis 
that chromosomes or chromosome portions are frequently lost in this material. 
Therefore the last two modes of action probably account for most of the cells 
with 36 chromosomes. 


Behavior of the Dicentric at Meiosis 
Metaphase 


Thirty-two of the 37 chromosomes usually associated to give 14 bivalents 
and four univalents. Occasionally a trivalent was formed from the association 
of one of the univalents. There was an average of nearly two rod bivalents 
per cell although sometimes all ring bivalents were formed with two or three 
chiasmata per bivalent. In a few cells six univalents were present. This 
variation in chiasma formation is essentially that expected in this generation 
of the interspecific cross. 

The other five chromosomes (including the dicentric) did not behave as 
regularly.* To facilitate the explanation of results these chromosomes have 
been designated A—E with C being the dicentric (Fig. 10). Two of the 
chromosomes, D and E, associated with the free arms of C. Thus pairing 
between the dicentric and the two homologues was complete with only two 
exceptions in 375 cells. One or two chiasmata were formed between D and C 
and also E and C. From meiotic configurations it was concluded that D 

* With the exception of the dicentric, the individuality of specific chromosomes could not be 


certain from any morphological differences. As is usual however, the identity has been implied 
from the general pairing behavior in the cells. 
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Fic. 10. Dicentric behavior at meiosis. Compare with photomicrographs Figs. 13-20. 


and E were both morphologically short chromosomes. When there were 
two chiasmata or where terminalization was not complete one arm appeared 
very short. 

The other two chromosomes A and B showed a different behavior in each 
of the three heads (Table I1). In spike 2, one of the chromosomes had lost 
an arm or at least part of an arm. The unequal pair resembled a typical 
heteromorphic bivalent composed of a telocentric and a normal chromosome. 
This deletion prevented pairing between D and A. In spike 1, no deletion 
could be detected. While there was at least one rod bivalent in every P.M.C. 
(pollen mother cell) the unequal bivalent, conspicuous in spike 2, was not 
distinguishable from the others. In spike 3, in contradistinction to spike 1, 
a chain-of-five chromosomes was formed in the greater majority of the cells. 
There were six cells where an unequivocal ring-of-five was present (Fig. 20). 
This means that there was a small amount of homology between chromosomes 
B and E as well as homology between A and D. There was also one cell 
where 15 ring bivalents were formed; both ends of A and B must have paired. 
As has been noted, the known absence of a chromosome arm in spike 2 
prevented formation of all ring bivalents as well as chains-of-five. It is likely 
that at least a small segment was missing in spike 1. 

Chiasmata were also formed between homologous segments of the inter- 
centric region. These internal chiasmata were readily detected when the 
chromosomes were associated in a group-of-three in spike 1 (Figs. 15, 18). 
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TABLE II 


THE ASSOCIATION OF THE DICENTRIC AND OTHER CHROMOSOMES AT MEIOSIS 


Associations-of-three Associations-of-five 
Type Type | oethree| | | olive 
1 100 38 31 22 0 9 0 
1 . 50 70 12 6 8 4 0 
3 50 58* 22 20 0 0 0 
Total 200 51 24 17.5 2 5.5 0 
1 25 56 16 12 16 0 
2 2 25 60 12 12 16 
Total 50 58 14 12 0 16 0 
1 25 0 4 8* 0 84 1 
3 2 100 7 0 1 0 87* 5 
Total 125 5.6 0.8 2.4 0 86.4 4.8 


* Group consisted of one chromosome less. Pairing failed in one of the chromosomes. 
** x,y,z. See configurations in Fig. 10 and photomicrographs Figs. 13-20. 


When the five chromosomes were together it was not always possible to 
distinguish the dicentric and thus be sure whether or not internal pairing had 
occurred. Then again, chiasmata in the inner portions of a chain-of-five 
were sometimes obscured by stretching of the chromosomes. At the ends of 
such configurations the chiasmata were more obvious. The general impression 
of fewer chiasmata with higher associations is plausible when we consider 
competition for pairing between homologous parts. 


Other Meiotic Stages 

Other meiotic stages were examined in two of the spikes (Table III). The 
lack of bridges at first anaphase (Al) in spike 1 was confirmed by the few 
bridges at TI. This paucity of bridges in the first spike was first thought 
to have been caused by early breakage of the bridges and thus when scored 
at AI and especially TI they had escaped detection. This was not so. In 
spike 3 at AI, bridges were formed in the majority of the cells and most of 
them persisted until TI (Figs. 21 and 22). Even in those cells where the 
bridge had broken, the broken ends clearly showed that a bridge had been 
present. The point of rupture of the bridge varied and stretching of the 
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TABLE III 


THE BEHAVIOR OF THE DICENTRIC AT OTHER MEIOTIC STAGES 


Spike 1 | Spike 3 
No. of cells With bridges | No. of cells | With bridges 
examined | (in %) | examined (in %) 
| 
Anaphase I 46 | 10.9 | 40 | 87.5 
Telophase I 200 | 5.0 | 100 | 41.0 
| 
Anaphase II 60* 6.7 | 
Telophase IT 66 | 3.0 | 136 | 8.8 


* Because of nonsynchronization in both halves, half-tetrads were scored. 


double strand frequently obscured the actual point of breakage. As both 
spikes were examined and scored in the same manner the lack of bridges in 
spike 1 was considered as a real discrepancy. 

In spike 3 at AI, in those cells where all chromosomes could be clearly 
distinguished there were only 37 chromosomes. The dicentric was transmitted 
intact or had formed a bridge. In spike 1, in all but two of the cells there 
were 38 chromosomes and not 37 (Fig. 23). The dicentric had broken without 
the formation of a bridge. In attempting to find the reason for this anomalous 
rupture of the dicentric, the cells at early anaphase were studied in detail. 
There was of course variation from cell to cell but in general the two 
chromosomes associated on either end of the dicentric disjoined like normal 
bivalent halves. At the same time, repulsion between the two centromeres 
(most of the trivalent configurations were in a zigzag fashion on the plate, 
Table II, Fig. 13) forced the arms of the dicentric apart. In one cell (Fig. 11) 
there was an obvious separation in the middle of the dicentric. 


Ps 11. Early anaphase from spike 1 showing the breaking apart of the dicentric. 
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At AII, cells were scored as half-tetrads because of nonsynchronization in 
both halves. Furthermore, in order to study the morphology of the chromo- 
somes at this stage more pressure than normal was applied to the cover slip. 
Sometimes sister halves were pressed apart making it impossible to score them 
as complete tetrads. In 25 of the half-tetrads in spike 1, the chromosomes 
were sufficiently spread so that details of chromosomes could be observed. 
No dicentric chromosomes were seen. Bridges were scored at TII in both 
spikes but it was impossible to distinguish the various types of bridges. The 
interpretation of such bridges was in doubt because the univalent chromosomes 
frequently underwent misdivision or stretched across the plate. These 
structures caused considerable confusion especially at late TI] where chromo- 
somes are present only as irregular shapes. 


Discussion 
Behavior at Mitosis 


It is conceivable that a dicentric present in root meristems would be broken 
down and not persist through enough mitotic divisions to reach the germ line.* 
As Hair (7) stated, ‘‘Dicentric chromosomes rarely survive the hazards of the 
long vegetative period between germination and meiosis."” The dicentric 
observed in Narcissus root tips persisted for four years and was then lost from 
the plant. In Agropyron the isodicentric persisted for several generations in 
a variable condition. It eventually formed a chromosome by the telescoping 
of the intercentric arm to such an extent that the chromosome was virtually 
monocentric. Unique among other dicentrics, the wheat dicentric described 
by Sears and Camara (20) had unequal centromeres and there is therefore 
some explanation for its permanency. As the dicentric in wheat described 
here has apparently equal centromeres it is not certain why it persisted as 
long as it did. 

It does not seem likely that the dicentric persisted by reason of a telescoped Rn 
intercentric arm because at meiosis the length of the arm was substantial. a 
There are two other plausible explanations for the survival of the dicentric. 
1. One centromere may have become more effective than the other. 2. The 
dicentric survived all mitoses by parallel separation. There is no evidence 
to support the first hypothesis. At meiosis both centromeres were usually 
operative, at least in orientation and movement of the chromosome. Only in 
associations-of-five were the centromeres hidden and then the dicentric 
behaved no differently than the normal monocentric chromosomes that also 
failed to exhibit poleward attraction. It is difficult. to imagine that one 
centromere would be effective at meiosis, but noneffective at mitosis. We 
are forced to assume then, that while the dicentric occasionally formed bridges 
at mitosis it must have separated in a parallel fashion in the majority of the cells. 

It is axiomatic that the longer the intercentric arm the more twists are 
physically possible. Therefore, the longer the arm, the more crisscross or 


* Exceptions here are of course those dicentrics that are effectively monocentric (Hair (7) ) or 
those with unequal centromeres (Sears and Camara (20) ). 
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interlocking there should be. The intercentric arm was usually as long as 
either free end and in comparison to the general morphology of the other 
chromosomes was certainly long enough for the coiling to link the chromatids. 
If coiling was restricted by some mechanism it is likely attributed to com- 
petition between centromeres. 


The persistence of dicentrics is generally thought to be brought about by 
the breakage-fusion—bridge cycle (McClintock (11) ) through the medium of 
sister-reunion (SR). This cycle only operates when continued SR will 
maintain the dicentric and where the chromosome is only dicentric after 
reproduction, i.e. after it is split into the two chromatids. Where there is 
an extra centromere before division, the maintenance of the dicentric must 
be on a breakage-—fusion cycle involving reunion and not SR. SR will form 
isodicentrics and it is notable that none was observed in this material. Thus 
reunion between two broken ends takes place in the cell prior to SR, and 
SR is rare in Triticum root tips. This fact has been confirmed by X-ray 
studies (Morrison (14) ). 


DICENTRIC CROSSING~- OVER ANAPHASE 


Non-sister strand 
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Fic. 12. Crossing over in intercentric regions of dicentrics. Note direction of joining 
as indicated by arrows. 
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PLATE II 


Fics. 13-20. ‘The dicentric at first metaphase of meiosis. 900 K. Fic. 13. 15! 4111, 
zigzag, type x (see Fig. 10). Fic. 14. 15!' 4! 1!" types (Fig. 10). Fic. 15. 15! 41 111, 
chain-of-three (note internal chiasma). Fic. 16. 14" 4! 1%, chain-of-five. Fic. 17. 
15" 4111 type y (Fig. 10). Fic. 18. 1", type x (Fig. 10) (note internal chiasma). 
Fic. 19. 14" 4' 1%, chain-of-five. Fic. 20. 14" 4! ring-of-tive. 
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PLATE III 


Fics. 21-24. The dicentric at other meiotic stages. 900 X. FiG. 21. Anaphase in 
spike 3, note dicentric and 37 chromosomes. F1G. 22. Telophase in spike 3, the other 
bodies on the plate are univalents. Fic. 23. Anaphase in spike 1 with 38 chromosomes. 
Fic. 24. Telophase in spike 1, no bridge. 
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Behavior at Meiosis 

The evidence for somatic variation is indisputable. Somatic loss of 
chromosomes or chromosome arms has also been noted in Chrysanthemum 
(Dowrick (5) ) and in wheat (Sears (19) ). It may be that the variation of 
the dicentric or of the somatic number at mitosis had some effect on the other 
chromosomes. Certainly the variation was manifest at meiosis. In spike 2 
an entire arm was missing from one chromosome and on the basis of pairing 
behavior it was assumed that a small segment was lost in spike 1. The 
instability of this chromosome (Chromosome A, Fig. 10) may be attributed 
to its method of origin. It may have arisen from breakage followed by fusion 
of a univalent chromosome and a fragment at the preceding meiosis of the Fi. 
It is conceivable that such a chromosome would be unstable and break down. 

The role of centromeres in pairing at meiosis (and thus in chiasma formation 
or crossing over) is problematical. Crossing over is not considered as taking 
place between centromeres and in fact there is usually interference across a 
centromere (Mather (12) ). In this wheat plant the interference across the 
centromere must have been negligible because the dicentric almost invariably 
paired with its two homologues. Internal pairing of homologous segments 
of the intercentric arm was common. Similar pairing was also noted by 
Hair (7) and Sears and Camara (20) (see also Steinitz-Sears and Sears (21) ). 

Let us consider internal pairing further. Internal pairing in an isodicentric 
implies no great difficulties. The linear arrangement of pairing blocks in the 
intercentric arm would be A B C, C B A, and pairing could be side by side 
(Fig. 12). Crossing over between nonsister chromatids would again give two 
dicentrics. One twist of the chromosome causes crossing over between sister 
chromatids and this results in two loop chromosomes. Further twisting 
causes either dicentrics or loop chromatids with the possibility of interlocking. 
When the dicentric has not been formed from identical chromosomes or SR 
in one chromosome, then reduplication in the center portion only arises with 
variation in arm length after breakage of crisscross bridges. The pairing 
blocks then follow linearly as A B C, A BC. The pairing then is essentially 
an inversion type and crossing over leads to dicentric chromatids, one with a 
much longer arm than the other. 

In spike 1 internal chiasmata were formed in the intercentric region of the 
dicentric. On the basis of the pairing behavior outlined above, dicentric 
bridges should have been common at AI. SR bridges would be expected at 
second division or if the dicentric passed unchanged there should be double 
bridges in some of the cells at TII. No evidence to support this type of behavior 
was noted. In spike 3 there was little or no internal pairing in the intercentric 
region. This lack of pairing could have been due to nonduplication of gene 
blocks in the intercentric region—the dicentric was identical or nearly so with 
its original form. The dicentric remained intact and bridges were common. 
Thus it seems that in those cells where internal crossing over took place there 
was breakage, where there was no crossing over there was no breakage. 

If we accept the chiasmatype theory of breakage and reunion of chromatids 
at crossing over, then we must also accept the concomitant tenet that the 
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union always takes place in a definite direction. The direction of joining is 
invariably taken as extending away from the centromere because joining in 
the opposite manner would lead to a dicentric plus an acentric fragment. 
The implication is that the centromeres are concerned in coiling and thus 
influence the direction of joining (Darlington (1) ). What happens then 
when we have two centromeres in one chromosome that may exert equal forces? 

If the direction of union after a break is governed by the centromere there 
is a possible explanation for the separation of the dicentric at MI in spike 1. 
The initiation of internal chiasmata starts from both centromeres and as a 
result cannot be completed at the point of meeting. A break therefore occurs. 
In other words the second centromere in some way nullifies the effect of the 
first and prevents reunion at the point of breakage. The parts of the dicentric 
would be held together by coiling until separation at anaphase. A bridge 
would not be formed. This hypothesis may also explain the discrepancy in 
the number of bridges in Steinitz-Sears and Sears (21) material as well. 
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